The relationship between fruit color traits and anthocyanin genes in diploid Fragaria by Deng, Chaoyang
University of New Hampshire
University of New Hampshire Scholars' Repository
Doctoral Dissertations Student Scholarship
Winter 2001
The relationship between fruit color traits and
anthocyanin genes in diploid Fragaria
Chaoyang Deng
University of New Hampshire, Durham
Follow this and additional works at: https://scholars.unh.edu/dissertation
This Dissertation is brought to you for free and open access by the Student Scholarship at University of New Hampshire Scholars' Repository. It has
been accepted for inclusion in Doctoral Dissertations by an authorized administrator of University of New Hampshire Scholars' Repository. For more
information, please contact nicole.hentz@unh.edu.
Recommended Citation
Deng, Chaoyang, "The relationship between fruit color traits and anthocyanin genes in diploid Fragaria" (2001). Doctoral Dissertations.
48.
https://scholars.unh.edu/dissertation/48
THE RELATIONSHIP BETWEEN FRUIT COLOR TRAITS AND
ANTHOCYANIN GENES IN DIPLOID FRAGARIA
BY
CHAO YANG DENG 
B.S., Nankai University at Tianjin, China, 1993 
M.S., Institute of Genetics, Academia Sinica, 1996
DISSERTATION
Submitted to the University of New Hampshire 
in Partial Fulfillment of 
the Requirements for the Degree of








UMI Microform 3030599  
Copyright 2002 by Bell & Howell Information and Learning Company. 
All rights reserved. This microform edition is protected against 
unauthorized copying under Title 17, United States Code.
Bell & Howell Information and Learning Company 
300 North Zeeb Road 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
This dissertation has been examined and approved.
Dissertation Director
Thomas M. Davis, Associate Professor
Dept, of Plant Biology/Genetics
ftsftsji > J?).
Estelle M. Hrabak, Assistant Professor 
Dept, of Plant Biology/Genetics
Eric G. Schaller, Assistant Professor 
Dept, of Mol. Biology ^rfd^Biochemistry
ollard, Associate Professor 
lant Biology
aj-
Curtis V. Givan, Professor 
Dept, of Plant Biology
/ 2 -/(2 - /2 x > o j
Date
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
TABLE OF CONTENTS
ACKNOWLEDGMENT..............................  vi
LIST OF TABLES....................................   vii





The Genus Fragaria........................    -5
Economic Value................................................................................................  7
The Strawberry Plant...........................................................................................8
Fruit Color......................   — ....................... 9
Anthocyanin Biosynthetic Pathway........................... 14
CHAPTER I. CLONING OF ANTHOCYANIN GENE SEGMENTS
IN DIPLOID STRAWBERRY...............................................  18
LITERATURE REVIEW     • ■ 19
Anthocyanin Genes....................................................................  19
PCR Techniques................................................................................................ 25
GenBank and Related Tools..............................................................................29
MATERIALS AND METHODS..............................................................    31
Plant Materials....................................................  - 31
Strawberry DNA Isolation............................................................................... 32
PC R .................  32
Degenerate Primer Design  —  33
Cloning and Sequencing  ................................................................................  35
Sequence Analysis............................................................................................. 35
RESULTS.................................     36
Effectiveness of Degenerate Primer Pairs......................................................... 36
Features of Cloned Gene Segments • •  .............................................................. 41
DISCUSSION................................................................................................................ 51
iii
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER H. DETECTION AND MAPPING OF CANDIDATE GENE
POLYMORPHISMS...................................................................................................55
LITERATURE REVIEW.......................................  56
Genetic Mapping in Diploid Strawberry.............................; ............................ 56
Heteroduplex Analysis......................................................................................61
Linkage Mapping as a Means of Gene Identification:
The Candidate Gene Approach....................    62
MATERIALS AND METHODS...........................................  64
Mapping Populations..............   64
RAPD and Morphologic Markers......................  65
Detection of Candidate Gene Polymorphisms.............................................. ■ 67
Mapping -................................................................................................69
RESULTS ...................   70
Conservation and Mapping of RAPD and Morphological Markers................. 70
Candidate Gene Polymorphisms....................................................................... 74
Mapping of Candidate Genes in F2 Populations of DN1C x YW
and YW x FRA520................    85
Mapping in Backcross Population of YW x Fi (YW x FRA520)  ................... 88
Mapping of Internal Fruit Color Trait in Fi Population of YW x FRA364 —  89
DISCUSSION.................................    90
CHAPTER HI. ISOLATION AND CHARACTERIZATION OF THE F3H
GENE IN FRAG ARIA   ....................................     94
LITERATURE REVIEW....................  95
5'- and 3'-RACE Techniques.............................................................................95
Promoter Cloning...............................................................................................96
MATERIALS AND METHODS  ...................................................................  100
Plant Materials....................................      100
mRNA Isolation......................     100
5’-RACE and 3’-RACE................................................................................  101
Southern B lo t................................................................................................. 103
DNA Isolation and Digestion for Inverse PC R .............................................  103
Inverse P C R ...................................................................    103
RESULTS..................................................................................................................  105
F3H Gene Cloning......................................................................................... 105
F3H Promoter Cloning -.....................................................................  110
Genomic Sequence Analysis of F3H Gene in Strawberry...........................  113
Southern B lo t........................  123
DISCUSSION............................................................................................................  125
iv
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CONCLUSION................................................................................    129
LITERATURE CITED..............................  131
APPENDIX................    139
Al. Genomic DNA Isolation .................................................................................... 140
A2. Total RNA isolation .......................   141
A3. mRNA Isolation   —  -141
A4. cDNA Purification ...........................................................................................  143
Bl. Alignment of predicted amino acids sequence of CHS gene segment isolated
from F. vesca YW with heterologous GenBank gene sequences.....................  144
B2. Alignment of predicted amino acids sequence of CHI gene segment isolated
from F. vesca YW with heterologous GenBank gene sequences.....................  145
B3. Alignment of predicted amino acids sequence of F3H gene segment isolated
from F. vesca YW with heterologous GenBank gene sequences.....................  146
B4. Alignment of predicted amino acids sequence of DFR gene segment isolated
from F. vesca YW with heterologous GenBank gene sequences.....................  147
. B5. Alignment of predicted amino acids sequence of ANS gene segment isolated
from F. vesca YW with heterologous GenBank gene sequences.................   • • 148
B6 . Alignment of predicted amino acids sequence of RAN gene segment isolated
from F. vesca YW with heterologous GenBank gene sequences.....................  149
Cl. Data from F2 mapping population of cross DN1C x YW ................................. 150
C2. Genetic map based on the data from C l ...................................................  151
C3. Data from F2 mapping population of cross YW x FRA520 .............................. 152
C2. Genetic map based on the data from C 3 ............................................................. 153
C5. Data from backcross population of YW x Fi (YW x FRA520)
and from Fi population of cross YW x FRA364 ................................................154
D. Alignment of predicted amino acids sequence of F3H gene isolated from
F. x ananassa CC2 with heterologous GenBank gene sequences ...................  155
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ACKNOWLEDGMENT
To my father, who always wished me better, 
but left me before I could tell him.
Dr. Thomas M. Davis instructed this thesis, from project selection till its finish. 
It’s my luck to have Dr. Davis as my major advisor. He gave me much important advice 
during the thesis project, and it’s hard to imagine that I could have gotten through all the 
difficulties without his help. I would like to thank to Dr. Davis for all his advice, patience 
and support throughout this thesis project.
I also thank Dr. Estelle Hrabak, Dr. Eric Schaller, Dr. James Pollard and Dr. 
Curtis Givan, who served as my committee members, for their valuable advice during the 
thesis project, and for their careful reviewing and evaluating of my research and thesis.
Also, I would like to thank all the members in Dr. Davis lab, and in the 
Department of Plant Biology. With them, I enjoyed a good time during the five years’ 
study. And, I appreciate the Department of Plant Biology and the Graduate School for 
providing financial assistance and facilities.
Finally, I sincerely thank my wife, my family, and my friends, for their love, 
care, and support!
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LIST OF TABLES
Table Title Page
1. Wild strawberry species of the world and accessions used in
the study..................................................................................................  6
2. Structural genes encoding “core” anthocyanin biosynthetic enzymes,
and selected species in which they have been cloned....................................... 20
3. Regulatory genes of anthocyanin biosynthetic pathway.................................... 23
4. The degenerate nucleotide alphabet ............................................................28
5. Degenerate primer pairs used to clone segments from anthocyanin
genes in diploid strawberry....................  38
6. Features of cloned PCR products from degenerate primer PCR
for each of six anthocyanin genes in Y W ..........................................................42
7. Comparison of predicted amino acid sequences of the cloned exon
sequences of six anthocyanin genes from F. vesca YW with the known 
related gene sequences from GenBank..............................................................50
8. Primers used to detect RAPD markers in mapping populations........................ 66
9. Primer pairs used to map anthocyanin genes......................................................68
10. RAPD and morphological markers conserved between original and new
mapping populations..........................................................................................73
11. Conservation of RAPD markers from original population BS x WC6
in new mapping populations  ............................................................................91
12. Common primers used in RACE and Strawberry specific primers 
used to isolate F3H cDNA and promoter, to sequence F3H gene, 
and/or to map F3H gene in YW x Fj (YW x FRA520) population
and YW x FRA364 population..............................................  107
vii
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LIST OF FIGURES
Figure Title Page
1. Molecular structures of principal anthocyanin pigments in Fragaria................. 10
2. Fruit color variation in diploid strawberries........................................  13
3. Presumed anthocyanin biosynthetic pathway in Fragaria................................. 16
4. Intron and degenerate primer locations in anthocyanin genes........................... 37
5. PCR products of degenerate primer amplification of anthocyanin genes 40
6 . Sequence of CHS segment cloned from Y W ..................................................... 43
7. Sequence of CHI segment cloned from Y W ......................................................44
8. Sequence of F3H segment cloned from Y W .......................................  45
9. Sequence of DFR segment cloned from Y W ...............  46
10. Sequence of ANS segment cloned from Y W ............................................   —  47
11. Sequence of RAN segment cloned from Y W ................................  48
12. Linkage map of Fragaria vesca  — .......................................................57
13. Selection of RAPD markers in new populations................................................ 71
14. Mapping of RAPD markers in new populations.................................................72
15. Detection of intron length polymorphisms between YW and either DN1C
or FRA520 ..............  •■••75
16. Alignment of CHS genomic DNA sequences from YW and DN1C.................. 77
17. Alignment of CHI genomic DNA sequences from YW and FRA520 .........78-79
18. Alignment of F3H genomic DNA sequences from YW and DN1C............ 80-81
19. Alignment of DFR genomic DNA sequences from YW and FRA520 ............  82
viii
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LIST OF FIGURES
Figure Title Page
20. Alignment of ANS genomic DNA sequences from YW and FRA520 ................ 83
21. Alignment of RAN genomic DNA sequences from YW and FRA520 .............  84
22. Mapping of F3H in F2 population of cross DN1C x Y W ................................... 86
23. Map locations of anthocyanin genes................................................................... 87
24. Diagram of 5'-RACE and 3'-RACE.................................................................. 97
25. Diagram of F3H gene promoter cloning................................................ 99
26. Primer locations used for cloning, sequencing and mapping F3H gene 106
27. F3H cDNA sequence and predicted amino sequence in F. x ananassa
C C 2.................................................................  108-109
28. PCR product of F3Hpromoter cloning.............................................................I l l
29. F3H promoter sequence in F. vesca PAW T...................................................  112
30. Alignment of F3H intron I DNA sequences from YW and DN1C ........114-115
31. Alignment of F3H protein sequences from CC2, DN1C and YW ................... 117
32. Alignment of F3H promoter sequences from PAWT, DN1C,
FRA341 and YW ......................................  119-122
33. Southern blot of F3H gene in DN1C..............................................................  124
ix
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ABSTRACT
THE RELATIONSHIP BETWEEN FRUIT COLOR TRAITS AND
ANTHOCYANIN GENES IN DIPLOID FRAGARIA
BY
ChaoyangDeng 
University of New Hampshire, December 2001
A candidate gene approach was used to determine the likely molecular identity of 
the c locus (yellow fruit color) in Fragaria vesca, a diploid (2n = 2x = 14) strawberry. 
Using PCR with degenerate primer pairs, intron-containing segments of structural genes 
coding for the enzymes: chalcone synthase (CHS), chalcone isomerase (CHI), flavanone 
3-hydroxylase (F3H), dihydroflavonol 4-reductase (DFR), anthocyanindin synthase 
(ANS), and one Del-like regulatory gene (RAN) in the anthocyanin biosynthetic pathway 
were amplified, cloned and sequenced. Intron length polymorphisms for each of these 
genes were detected among three diploid varieties: F. vesca Alpine variety ‘Yellow 
Wonder’ (YW) (Europe); DNIC, an F. vesca clone collected from Northern California; 
and F. nubicola FRA520, a U.S.D.A. accession collected in Pakistan. Using F2 
generations of the crosses DNIC x YW and YW x FRA520 as mapping populations, the 
six candidate genes were mapped in relation to previously mapped randomly amplified 
polymorphic DNA (RAPD) markers and morphological markers. The F3H gene was 
linked without recombination to the c locus in linkage group I, while the other five 
candidate genes mapped to different linkage groups. These results suggest that the wild 
type allele (C) of the c (yellow fruit color) locus encodes an F3H necessary for red fruit 
in F. vesca.
x
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Further study and characterization of the F3H gene in strawberry was carried out. 
Using 5'-RACE and 3'-RACE technologies, two overlapping F3H cDNAs which 
representing the complete F3H cDNA sequence were isolated and cloned from the fruit 
of commercial strawberry, Fragaria x ananassa CC2, an octoploid species provided by 
U.S.D.A. Based on the F3H cDNA sequence, new strawberry specific primers were 
designed to clone and sequence the full-length F3H gene in YW and DNIC genomes. 
Additionally, promoter sequence of the F3H gene was also cloned and sequenced from 
YW, DNIC and FRA364, using a modified inverse PCR technique. The alignments of 
these sequences found two possible mutation sites, one a base substitution resulting in a 
K—►T amino acid substitution, and the other in the promoter region. These results are 
consistent with identity between the c locus and the F3H gene, but further studies are 
needed to confirm this hypothesis.
An intron polymorphism in intron I of the F3H gene was detected between YW 
and other red-fruited species, and was used to map the F3H gene in new populations: Fi 
population of cross YW x Fi (YW x FRA520) and F2 population of cross YW x FRA364. 
Based on F2 population of the interspecific cross YW x FRA364, a red versus white 
internal fruit color polymorphism also mapped to the locus of the F3H gene, as well as c 
locus. This result further implicates the F3H gene as an important contributor to fruit 
color variation in strawberry.
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GENERAL INTRODUCTION
Fruit color is an important component of fruit 'quality in the commercial 
strawberry, Fragaria x ananassa Duch. Despite the importance of fruit color to 
strawberry breeders, the genetic basis for fruit color variation in the F. x ananassa is 
poorly understood. Genotypic variation in the pigmentation of strawberry fruit has been 
the subject of several studies, but no quantitative trait loci (QTL) or Mendelian genes 
affecting this trait have been described in F. x ananassa (Shaw 1991). This lack of 
knowledge may be explained by the fact that F. x ananassa is an octoploid (2n = 8x = 
56), and so is a difficult subject for genetic analysis.
Fruit color variation has also been studied in diploid (2n = 2x = 14) strawberry 
species such as Fragaria vesca L. In F. vesca, a yellow/white (i.e., absence of red) fruit 
color trait has been described (Richardson 1923; Brown and Wareing 1965). In these 
studies, red versus yellow/white fruit color was found to be controlled by a single major 
gene, with red dominant to yellow/white. Brown and Wareing (1965) assigned the gene 
symbols C (red) and c (yellow/white) for the locus in question.
A second fruit color polymorphism -  red versus white internal fruit color in 
externally red fruit -  has also been observed in diploid strawberry (T. Davis, 
unpublished). White internal fruit color is a common characteristic of F. vesca, while red 
internal fruit color is seen in at least some representatives of another diploid species, F. 
viridis. The red versus white internal fruit color trait had a monogenic segregation pattern 
in progeny of a cross involving F. vesca and F. viridis. Moreover, the internal fruit color 
trait was closely linked to an isozyme marker (shikimate dehydrogenase: SDH) (T. Davis,
l
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unpublished) that had been previously shown to be closely linked to the c locus 
(Williamson et al. 1995). The latter result indicates that the gene governing the internal 
fruit color trait is closely linked to, and may be coincident with, the c locus. Thus, a good 
opportunity to study qualitative genetic determinants of fruit color variation in strawberry 
is available in the diploid species.
The red coloration of strawberry fruits is due to anthocyanin pigmentation 
(Sistrunk and Morris 1985). Anthocyanins, the largest flavonoid subclass, are well known 
for the coloration they provide as blue, red and purple pigments of flowers and fruits in 
higher plants. A general outline of the anthocyanin biosynthetic pathway has been well 
established from studies in many plant species. In addition, many genes encoding 
anthocyanin biosynthetic enzymes have been isolated and characterized; however, these 
genes have not been well studied in strawberry.
My primary goal was to determine the molecular identity of the c locus of F. 
vesca, and to identify mutations at this locus that might account for the fruit color 
polymorphisms described above. A secondary goal was to generate strawberry specific 
sequence information for strawberry anthocyanin genes, and to develop PCR primer sets 
and other molecular resources that could be used for future study of fruit color variation 
and marker-assisted breeding in the commercial strawberry (F. x ananassa). I hope that 
isolation and characterization of anthocyanin genes in diploid Fragaria will help 
researchers to understand the genetic basis for fruit color variation in the octoploid, 
cultivated species, and will provide molecular tools to help breeders to genetically 
manipulate fruit color in the development of new varieties for commercial use.
2
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Objectives and Approaches
My primary interests were in determining the molecular identity of the 
yellow/white fruit color (c) locus in F. vesca, and in identifying allelic variants of this 
locus. I also explored the relationship between the c locus and the internal fruit color 
polymorphism, an interest that developed in the latter stages of the project. I 
hypothesized that the c locus encoded an enzyme or regulatory protein of the anthocyanin 
biosynthetic pathway. If so, different mutations in the promoter and/or transcribed region 
of the c gene could account for either or both of the observed fruit color polymorphisms. 
The investigation employed a map-based, candidate gene approach. The candidate genes 
were five structural genes and one regulatory gene of the anthocyanin biosynthetic 
pathway. The following objectives were addressed:
1) The first objective was to develop the molecular resources (strawberry- 
specific DNA sequence information, and probes or PCR primer sets) needed 
to identify polymorphisms in the six candidate genes. For this purpose, 
heterologous DNA sequence data was exploited as basis for design of 
degenerate PCR primer pairs used to amplify, clone and sequence segments of 
strawberry candidate genes.
2) The second objective was to determine the linkage relationships of the six 
anthocyanin genes, with respect to the c locus and to each other. This 
objective was addressed by identifying molecular polymorphisms in each 
anthocyanin gene and then mapping the anthocyanin genes in populations 
segregating for the fruit color polymorphisms of interest.
3
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3) Assuming that a candidate gene could be mapped to the c locus, the third 
objective was to determine the complete sequence of the respective c gene 
candidate, and to define the allelic variants of this locus in F. vesca and F. 
viridis that might account for the observed fruit color polymorphisms. This 
objective was addressed by using a variety of PCR techniques to obtain the 
complete genomic sequence of the c gene candidate, and to compare 
sequences derived from different fruit color variants.
The dissertation begins with a general Literature Review on the strawberry, and 
on the anthocyanin biosynthetic pathway. The research itself is described in three 
chapters corresponding to the three objectives stated above. Each chapter begins with a 
specific Literature Review and a Materials and Methods section. Those materials and 
methods that are common to all chapters are described in the first chapter only. Finally, a 
single Reference section is provided, which includes all works cited in all chapters and in 
the General Introduction.
4
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The Genus Frasaria
The genus Fragaria, commonly known as strawberry, belongs to the family 
Rosaceae. The genus has more than fifteen species (Table 1) at four or more levels of 
ploidy: diploid (2n = 2x = 14), tetraploid (2n = 4x = 28), hexaploid (2n = 6x = 42), 
octoploid (2n = 8x = 56), with basic number of x = 7 (Hancock 1990). There is meager 
knowledge about the phylogenetic relationships among different species of Fragaria 
(Harrison et al. 1997, Potter et al. 2000).
Wild strawberries of one species or another are distributed across most regions of 
the world -  from Europe, North Africa, Asia, to Hawaii, North and South America 
(Hancock and Luby 1993, Staudt 1989). The diploid F. vesca, sometimes called the wood 
strawberry, is the most widely distributed species, being found in both Eurasia and 
America. It contains four subspecies: ssp. vesca (Europe and Asia), ssp. americana 
(North America, west of Rocky Mountains), ssp. califomica (California coast) and ssp. 
bracteata (North America, west of Rocky Mountains). Two other diploid species of 
relevance to our investigation, F. viridis and F. nubicola, are found only in Europe and 
North-Western Asia, and Central Asia, respectively. F. moschata, which is known as 
musky strawberry, is the only hexaploid species, and is found in Europe extending as far 
east as the Ural-Mountains (Staudt 1989). The octoploid strawberry, F. x ananassa is 
known to be a hybrid of two New World wild octoploid species, F. chiloensis and F. 
virginiana. F. chiloensis is native to west coastal North America, the west coast and 
Andes Mountains of South America. F. virginiana is native to North America and 
Northern Mexico (Bringhurst 1990). Table 1 lists the generally recognized strawberry 
species of the world and the accessions used in this study.
5
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Table 1. Wild strawberry species of the world and accessions used in the study. 
Accession FRA364, which was employed in this research but is not included in this table, 
is a hybrid between F. vesca and F. viridis.
Species Ploidy Accession* Geographic Range
F. vesca L. ssp. vesca 2x YW Europe Alpine
BS Europe Alpine
ssp. americana PAWT New Hampshire
WC6 New Hampshire
ssp. bracteata DNIC California
F. viridis Duch. 2x FRA341 Germany
F. nubicola Lindl. 2x FRA520 Pakistan
F. nilgerrensis Schlect. 2x Southeast Asia
F. iinumae Makino. 2x Japan
F. nipponica Lindl. 2x Himalayas
F  orientalis Losinsk 4x Northern Asia
F. moupinensis (French.) 4x Southern China
F. moschata Duch. 6x Northern and Central Europe
F. chiloensis (L.) Duch. 8x Pacific Coast, North America, Chile
F. virginiana Duch. 8x Central and Northeastern America
F. x ananassa Duch. 8x CC2 Grown Throughout the World
* The detailed descriptions of the accessions are provided in relevant Chapters.
6
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The genome structure of the octoploid strawberries has been described as 
AAA'A'BBB'B' (Bringhurst and Gill 1970, Bringhurst 1990). The basic (x = 7) Fragaria 
genome is small, having been estimated at about 2 x 108 bp (Nehra et al. 1991, Nyman 
and Wallin 1992), only slightly larger than that of Arabidopsis thaliana (~108 bp). The 
diploid, F. vesca, is considered to have a genome structure of AA (Bringhurst 1990). As a 
self-pollinating diploid with low chromosome number and small genome size, F. vesca is 
a particularly favorable subject for transmission and molecular genetic research, and is a 
useful “surrogate system” for genetic investigations relevant to the octoploid, cultivated 
strawberry.
Economic Value
Fragaria x ananassa is the predominant commercial strawberry species with 
worldwide production being close to 2 million metric tons. The United States is the 
largest producer of these strawberries in the world, with California generating 
approximately 80% of the US crop, valued at about $545 million from approximately 
56,000 acres annually. Japan ranks second in the world, followed by (in descending 
order) Poland, Italy, Spain, the former U.S.S.R., France, Mexico, the U.K., and the 
former West Germany (Scott et al. 1989). Some other Fragaria species have minor 
economic importance. F. moschata (musky strawberry) is cultivated on a limited scale in 
Europe. The everbearing ( ‘Alpine’) form of F. vesca ssp. vesca (f. semperflorens) is 
grown mainly for the home gardens in Europe and North America due to its highly 
aromatic flavor (Hancock et al. 1990). The cultivation scale of F. chiloensis in South
7
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America has greatly decreased, although they are still grown to a limited extent in that 
area (Hancock 1999).
The Strawberry Plant
Strawberry plants are herbaceous perennials with a shortened stem and generally 
trifoliate leaves arising from a basal crown. Axillary buds may give rise to runners, new 
crowns, or cymose to racemiform inflorescences, containing few to several flowers 
depending on the environmental conditions. The white to pinkish flowers have a saucer­
shaped hypanthium with 5 (to 9) petals and persistent styles (Robertson 1974). The fruit 
or berry is actually an enlarged fleshy, usually red, receptacle, which is covered by 
numerous persistent achenes (the true fruits) and subtended by persistent epicalyx and 
calyx (Femald 1950, Gleason 1968).
The strawberry can be propagated sexually through seeds, or asexually through 
runners (stolons). Runnerless F. vesca have also been known since at least 1690 (Staudt 
1962). Runners could be induced in non-runnering plants (e.g., ‘Baron Solemacher’ and 
‘Yellow Wonder’) through treatment with gibberellic acid (GA3) (Guttridge and 
Thompson 1964). This runnering character is important in relation to hybridization, 
because it allows for the propagation of hybrid progeny, even when they are infertile.
In strawberry, flowering time is influenced by photoperiod. Photoperiod sensitive 
plants may be classified as short-day (SD), long-day (LD), or day-neutral (DN) 
depending on whether the day length that causes floral initiation is shorter than, longer 
than, or independent of a critical photoperiod. According to this definition, strawberry
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
plants can be classified as either SD or DN, depending upon whether plants are sensitive 
or insensitive to photoperiod, respectively (Ahmadi et al. 1990). Wild strawberry of all 
ploidy levels is primarily of the short-day (SD) type (Darrow 1936). In F. vesca, only 
some ‘Alpine’ varieties of European origin, such as ‘Baron Solemacher’ and ‘Yellow 
Wonder’, possess the day-neutral (DN) flowering habit.
Fruit Color.
Fruit color is an important component of fruit quality in the octoploid cultivated 
strawberry (F. x ananassa). Even minor changes in natural or characteristic color are 
directly related to loss in quality. Sistrunk and Morris (1985) have described the external 
color of different F. x ananassa cultivars as varying from a “light orange red” to “dark 
purple red” when the fruit is ripe. These authors described internal fruit color as varying 
from white-centered fruit with deep dark purple-red cortex to a uniform color throughout, 
and covering the entire range of color stated above.
Strawberry fruit color pigments were first characterized about fifty years ago in 
both F. x ananassa and its diploid relative F. vesca. The red pigmentation of fruit has 
been attributed predominately to two anthocyanin pigments: pelargonidin 3-glucoside 
(P3G) and cyanidin 3-glucoside (C3G) (Figure 1) (Sondheimer and Karash 1956). While 
P3G is the predominant pigment in strawberries, C3G, a secondary pigment, is much 
more stable than P3G, and contributes to color acceptability (Cash and Sistrunk 1970). 
Different varieties vary to some extent in concentration of C3G, which determines their 
color shade and intensity. Color of a particular variety is also influenced by maturity, 
physical damage, holding time and temperature after harvest, and biochemical factors
9
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such as pH, polyphenol oxidase activity, ascorbic acid, and total phenols. Breeders could 
improve quality and stability of strawberries by selection of genotypes with higher C3G 
content (Cash and Sistrunk 1970).
Although genotypic variation in the anthocyanin pigmentation of commercial 
strawberry fruit has been the subject of several studies (Shaw 1991), no quantitative trait 
loci (QTL) or Mendelian genes affecting this trait have been described in F. x ananassa. 
In contrast, the genetic characterization of fruit color variation has made some progress in 
the genetically less-complex diploid strawberry.
Yellow/white-fruited F. vesca varieties have been known since at least 1539 
(Staudt 1962). Several varieties of F. vesca, including ‘Yellow Wonder’, bear yellow or 
white fruit, which is monogenic recessive to red fruit color. The locus governing red (C) 
versus yellow/white (c) fruit color in F. vesca was named by Brown and Wareing (1965).
In 1995, Williamson, Yu and Davis reported a genetic analysis of red versus 
yellow fruit color in diploid strawberry. They found that the fruit color segregated in a 
ratio of 3 red / 1 yellow in F2 generation of reciprocal crosses between F. vesca Alpine 
varieties ‘Yellow Wonder’ (YW) and ‘Baron Solemacher’ (BS), which confirmed that the 
red versus yellow fruit color was control by a single locus in this cross. The 
complementation tests they did between the yellow-fruited F. vesca accessions FRA197, 
FRA473, WC69, and YW yielded only yellow-fruited progeny, revealing that these 
mutations for fruit color are all located in the same gene (unpublished data). Also, 
Williamson et al. (1995) first reported that the c locus was closely linked (1.1 cM) to a 
shikimate dehydrogenase (SDH) isozyme locus.
11
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
In F. vesca, although the surface of the fruit is red, the internal tissue is typically 
white, as can be seen by carefully slicing the fruit in half. In contrast, in at least some F. 
viridis accessions, the internal fruit color is a deep red (Figure 2). Mapping data from a 
cross F. vesca x FRA364 (T. Davis, unpublished) indicated that the red/white internal 
fruit color polymorphism was closely linked with the Sdh isozyme locus, and therefore 
with the c locus. This result suggested that the c locus might also have alleles governing 
the pattern of red pigmentation, such as degree of internal fruit color.
As previously stated, we hypothesized that the yellow/white fruit (c locus) 
mutation in F. vesca is conditioned by a mutation in a structural or regulatory gene of the 
anthocyanin biosynthetic pathway. A similar explanation would also be reasonable for 
the internal fruit color polymorphism. In fact, the close linkages of both fruit color traits 
to the common marker -  Sdh -  raised the possibility that both polymorphisms might be 
controlled by alleles of the same structural or regulatory gene. The most likely candidates 
for such a gene would encode enzymes or regulatory proteins of the anthocyanin 
biosynthetic pathway, which is described in the following section.
12
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Figure 2. Fruit color variation in diploid strawberries. YW (left) has yellow fruit, DNIC 
(center) has red fruit with white internal color, and FRA341 (right) has red fruit with red 
internal color.
13
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Anthocvanin Biosynthetic Pathway
Anthocyanins, the largest flavonoid subclass, are well known for the coloration 
they provide as blue (delphinidins), red (cyanidins) and purple (pelargonidins) pigments 
of flowers and fruits in higher plants. Anthocyanins in fruit and flowers serve as visual 
signals that attract insects and animals, thus playing an important role in the ecology of 
pollination and seed dispersal (Holton and Cornish 1995, Shirley 1996, Mol et al. 1998). 
Anthocyanins can also be important in protecting against damage from UV irradiation.
The study of the genetics of anthocyanin biosynthesis began in the nineteenth 
century with Mendel’s work on flower color in peas. Since then, intensive study in 
genetics and biochemistry of anthocyanin biosynthesis has been done in a number of 
different species, because of anthocyanins’ visible colors and their high concentrations 
that permitted isolation with simple precipitation techniques (Grisebach 1985). Isotopic 
tracer studies with seedlings and cell suspension cultures and supplementation feeding 
studies with flower petal from known genotypes identified most of the intermediates in 
anthocyanin biosynthesis (Grisebach 1985). The isotopic work, as well as genetic 
analyses, mapped out the presumed major steps in anthocyanin biosynthesis relatively 
early and established the core pathway of anthocyanin biosynthesis (Mol et al. 1989, 
Forkmann 1991).
Three species, maize (Zea mays), snapdragon (Antirrhinum majus) and petunia 
(Petunia hybrida) contribute a wealth of knowledge for elucidating the anthocyanin 
biosynthetic pathway, and many genes encoding anthocyanin biosynthetic enzymes have 
been isolated and characterized from them (Dooner et al. 1991). Although the
14
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anthocyanin biosynthetic pathway has not been comprehensively verified in strawberry, 
its core structure may be inferred based on the presence of cyanidins and pelargonidins, 
and absence of delphinidins in strawberry. The presumed strawberry core pathway of 
anthocyanin biosynthesis is shown in Figure 3.
The precursors for the synthesis of anthocyanins are malonyl-CoA and p- 
coumaroyl-CoA. The condensation of the precursors is catalyzed by chalcone synthase 
(CHS) to produce a yellow tetrahydroxychalcone. The second step, the stereospecific 
isomerization of the chalcone into colorless flavanone, is catalyzed by the enzyme 
chalcone isomerase (CHI). There is seldom accumulation of chalcone in plant tissues, 
because chalcone is rapidly isomerized by CHI, or can spontaneously isomerize at a 
slower rate in the absence of CHI, to form flavanone. However, there are some examples 
of chalcone accumulation in CHI mutants. Corollas of Callistephus chinensis (China 
aster) and Dianthus caryophyllus (carnation), which do not have CHI activity, can 
produce yellow flowers due to the accumulation of chalcone pigments (Kuhn et al. 1978, 
Forkmann and Dangelmayr 1980).
The flavanone is hydroxylated at the C3 position by the action of flavanone 3- 
hydroxylase (F3H) to give an unpigmented dihydroflavonol, which is further reduced by 
dihydroflavonol 4-reductase (DFR) to yield a still colorless leucoanthocyanidins. DFR 
enzyme has substrate specificity in some species. In petunia, DFR enzyme preferentially 
uses dihydromyricetin as its substrate, has poor activity to convert dihydroquercetin, and 
never converts dihydrokaempferol to leucopelargonidin (Forkmann and Ruhnau 1987). 
The distinct substrate specificity explains the preferential accumulation of delphinidin 
derivatives and the lack of pelargonidin pigments in petunia (Gerats et al. 1982). Further
15
































Figure 3. Presumed anthocyanin biosynthetic pathway in Fragaria. The 
enzyme abbreviations are explained in the text.
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oxidation and dehydration of leucoanthocyanidins is catalyzed by anthocyanidin synthase 
(ANS) to produce colored anthocyanidin, but this step has not been well characterized 
(Dooner et al. 1991).
Flavonoid 3'-hydroxylase (F3'H) and flavonoid 3'5'-hydroxylase (F3'5rH) 
enzymes belong to the cytochrome P-450 superfamily, which catalyzes the hydroxylation 
of flavanones, dihydroflavonols, and leucoanthocyanidins in the 3' position only or in 
both of 3' and 5' positions, thus making different anthocyanins (Stotz et al. 1985, Holton 
et al. 1993). Species lacking F3'5'H activity, such as strawberry and rose, cannot 
synthesize the blue delphinidin derivative (Elomao and Holton 1994). Other enzymes, 
such as 3- and 5-glucosyl transferase (3GT, 5GT), rhamnosyl transferase (RT), and O- 
methyltransferase (OMT) may be required for glycosylation, methylation, and acylation 
of anthocyanin to some extent with different types of glycosides and acyl groups attached 
in some species. Anthocyanin glutathione S-transferase (GST) is needed to transfer 
anthocyanins into the vacuole, where anthocyanins are ultimately largely accumulated 
(Shirley 1996, Mol et al. 1998). These enzymes are not required in the core pathway.
The structural genes encoding the enzymes of the anthocyanin biosynthetic 
pathway have been cloned and characterized in various species. A detailed description of 
these genes and the methods used to clone them is provided in Chapter I. The spatial and 
temporal accumulation of anthocyanin pigments in fruits and other plant organs is 
determined in part by regulation of the expression of the anthocyanin pathway structural 
genes. This regulation is mediated by regulatory genes, which have been identified in 
many plants (Dooner et al. 1991, Mol et al. 1996), as related in Chapter I.
17
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CHAPTER I
CLONING OF ANTHOCYANIN GENE SEGMENTS
IN DIPLOID STRAWBERRY
This chapter describes the amplification, cloning, and sequencing of anthocyanin 
gene segments in Fragaria. The genes of interest were five structural genes (CHS, CHI, 
F3H, DFR, ANS) and one regulatory gene (RAN) in the strawberry anthocyanin 
biosynthetic pathway. Cloning of segments of these genes was a necessary first step 
towards determining which, if any, of these candidate genes might correspond to the c 
locus in F, vesca. The chapter begins with a literature review addressing 1) the cloning 
and characterization of anthocyanin structural and regulatory genes in species other than 
strawberry, and 2) the molecular techniques and bioinformatics tools used to achieve the 
research objective.
18
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LITERATURE REVIEW
Anthocyanin Genes
Many genes encoding anthocyanin biosynthetic enzymes have been cloned and 
characterized, especially from maize, snapdragon, and petunia. Initial cloning of 
anthocyanin biosynthetic genes required creative application of a variety of biochemical, 
genetic, and molecular strategies, often in combination. These cloning strategies involve 
a range of methodologies, including protein purification, antisenim assay, transposon 
tagging, differential screening, and polymerase chain reaction (PCR) amplification 
(Fedoroff et al. 1984, Kreuzaler et al. 1983). Once a particular anthocyanin gene was 
isolated from one species, it was usually a comparatively straightforward task to isolate 
homologous genes from other species by using the original clone as a molecular probe 
(Holton and Cornish 1995).
At least twelve different structural and regulatory genes in the anthocyanin 
biosynthetic pathway have been described. However, many of the known structural genes 
were eliminated as c gene candidates, either because they encode enzymes that are 
involved in pigment modification rather than the core pathway of anthocyanin 
biosynthesis, or because they are not known to exist in strawberry (e.g., the F3'5'H gene 
which encodes the enzyme required for blue delphinidin pigmentation). Mutational 
inactivation of these genes might alter the anthocyanin coloration, but would not 
eliminate it as is seen in yellow/white fruited F. vesca mutants. Therefore, my interest 
was focused on five structural genes of the “core” anthocyanin biosynthetic pathway, and 
one regulatory gene, as summarized in Table 2 and discussed in detail below.
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Table 2. Structural genes encoding “core” anthocyanin biosynthetic 
enzymes, and selected species in which they have been cloned.
Species CHS CHI F3H DFR ANS
Locus/Clone * Locus/Clone Locus/Clone Locus/Clone Locus/Clone
Maize C2b /+ + - A1/+ A2/+
Snapdragon niveaf+ + incoloratal+ pallida/+ CandicaJ+
Petunia + Po/+ An3l+ An6/+ +
Arabidopsis + + + + +
Grape + + + + +
Apple - - + + +
Strawberry - - - + -
a. +, a cDNA or gene has been cloned; a gene has not been cloned.
b. A genetic locus encoding the structural gene has been identified and named.
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Chalcone Synthase (CHS)
A CHS gene from parsley (Petroselinum hortense) was the first gene isolated in 
the flavonoid biosynthetic pathway (Kreuzaler et al. 1983). A cDNA clone of this gene 
was identified using a combination of differential screening and hybrid-arrested / hybrid- 
selected translation assay. Two genes encoding CHS were known in maize. The C2 gene 
was isolated first by transposon tagging, which showed to have high sequence similarity 
with the parsley CHS clone (Wienand et al. 1986). Later, the parsley CHS clone was used 
to isolate two different CHS genes from petunia and one CHS cDNA clone from 
snapdragon by heterologous hybridization (Reif et al. 1985, Sommer and Saedler 1986).
Chalcone Isomerase (CHI)
The first CHI cDNA was isolated from French bean using antiserum to purified 
CHI protein (Mehdy and Lamb 1987). The petunia po gene, which encodes CHI, was 
isolated from a petunia petal cDNA expression library with the same procedure (Van 
Tunen et al. 1988). A snapdragon and a maize CHI cDNA were isolated by homology 
with previously cloned CHI genes (Martin et al. 1991, Grotewold and Peterson 1994).
Flavanone 3-Hvdroxvlase (F3H)
A combination of differential screening and restriction fragment length 
polymorphism (RFLP) mapping was used to isolate a cDNA clone corresponding to the 
incolorata locus in snapdragon, which is known to encode F3H (Martin et al. 1991). The 
petunia F3H, which was encoded by the An3 locus, was isolated by heterologous 
hybridization (Britsch et al. 1992).
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Dihydroflavonol 4-Reductase (DFR)
The DFR gene in maize, A l, was isolated by transposon tagging with the SpmlEn 
element (O'Reilly et al. 1985). In snapdragon, the pallida locus, which was known to 
encode DER. from precursor feeding experiments, was isolated using a transposable 
element (Tam3) (Martin et al. 1985). With cloned snapdragon DFR gene as the molecular 
probe, the petunia dfrA gene, which corresponds to the An6 locus by RFLP mapping and 
complementation, was isolated (Beld et al. 1989).
Anthocyanidin Synthase (ANS)
The ANS genes in maize, A2, and in snapdragon, Candica, have been cloned by 
transposon tagging or by a combination of differential screening and genetic mapping 
(Menssen et al. 1990, Martin et al. 1991). Both of the A2 and Candica gene products 
share similarity with 2-oxoglutarate-dependent dioxygenase, a large family that includes 
F3H and flavonol synthase (FLS).
Regulatory Genes
It is reasonable to expect that complete absence of anthocyanin pigmentation in F. 
vesca mutants could result from a mutation in a regulatory gene, in which case, a set of 
enzymes regulated by this gene might be expressed at a low level or not be expressed at 
all (Table 3). Therefore, I wanted to include at least one regulatory gene among the 
candidate genes to be examined in this study.
Two regulatory gene families in the anthocyanin biosynthetic pathway, the RIB 
and Cl/Pl gene families, have been found in maize. The members of the R/B gene family,
22
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Table 3. Regulatory genes of anthocyanin biosynthetic pathway
Species Locus Cloned a Genes Regulated Reference
Maize R + CHS, DFR, 3GT Dellaporta et al. 1988
R(S) + CHS, DFR, 3GT Perrot and Cone 1989
R(Sn) + CHS, DFR Tonelli et al. 1991 ’
R(Lc) + CHS, DFR Ludwig et al. 1989
B + DFR, 3GT Chandler et al. 1989
Cl + CHS, DFR, 3GT Cone et al. 1986
PI + CHS, DFR, 3GT Cone and Burr 1989
V pl + C l McCarty et al. 1989
Snapdragon Delila + F3H, DFR, ANS, 3GT Goodrich et al. 1992
Eluta - F3H, DFR, ANS, 3GT
Rosea - F3H, DFR, ANS, 3GT
Petunia Anl + chsJ, DFR, ANS, 3GT, Spelt et al. 2000
F3'5'H, GST
An2 + chsJ, DFR, ANS, 3GT, GST Quattrocchio 1994
An4 +b chsJ, DFR, ANS, 3GT, GST Quattrocchio 1994
A n il + chsJ, DFR, ANS, GST De Vetten et al. 1997
a. +, a gene or cDNA has been cloned; a gene has not been cloned
b. Expression patterns and RELP analysis suggest that ja fl3  corresponds to An4.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
which share homology with the basic helix-loop-helix (bHLH) protein motif being 
ascribed to a gene family, encode products related to the myc family of transcription 
factors (Chandler et al. 1989), while members of the Cl/Pl family are homologous and 
share sequence similarity with the DNA binding domains from the myb transcription 
factors (Cone and Burr 1988, Quattrocchio et al. 1998). Homologues of these regulatory 
genes regulate various subsets of anthocyanin biosynthesis genes in different plant 
species, conditioning the spatial and temporal accumulation of pigments (Dooner et al. 
1991, Deboo et al. 1995).
The Cl locus was the first regulatory gene isolated in maize by using the Spm/En 
transposable element (Cone et al. 1986). Subsequently, the R and PI loci were isolated 
using the Ac transposable element (Chen et al. 1987, Dellaporta et al. 1988). The delila 
(Del) gene from snapdragon was isolated by transposon tagging using the Tam2 
transposable element. A Del cDNA has been isolated and appears to share extensive 
sequence similarity with the R gene family of maize (Goodrich et al. 1992). A gene 
fragment of An2 from petunia was also cloned by transposon tagging with TphI element, 
and a full-length cDNA clone was isolated later (Quattrocchio 1994). The encoded amino 
acid sequence of An2 shares a highest similarity with the maize C1IPI gene family. A 
PCR approach was used to isolate another petunia locus (jafl3), which shares extensive 
homology with the maize i? genes and the snapdragon Del gene (Quattrocchio 1994).
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PCR Techniques
As was apparent from the previous section, the Polymerase Chain Reaction (PCR) 
technique has played an important role in the isolation of many anthocyanin genes. 
Certain applications of this technique were also utilized in this thesis research project. 
Although PCR is now widely used, many of its specific applications are not widely 
known or understood. For this reason, a brief review of this technique and its particular 
applications to the present study is provided.
PCR is an in vitro method to synthesize new DNA from a defined region of the 
starting genetic material. After the discovery and isolation of a heat-stable DNA 
polymerase from a thermophilic bacterium, Thermus aquaticus (Taq), and the automation 
method invented by Kary Mullis (Saiki et al. 1988, Mullis et al. 1986), the PCR method 
has rapidly become a standard laboratory technique (Mullis and Faloona 1987).
A wide range of PCR based techniques and applications, including Recombinant 
PCR, Asymmetric PCR, Quantitative PCR, In-situ PCR, Reverse Transcription PCR (RT- 
PCR), Inverse PCR, PCR with degenerate primers, Rapid Amplification of cDNA Ends 
(RACE), Random Amplified Polymorphic DNA (RAPD), are used for purposes such as 
site-directed mutagenesis, cloning, sequencing, labeling, detecting, screening and 
mapping (Innis et al. 1990, White 1993). Three specific PCR applications related to 
cloning were used in this study. The closely related techniques of 5'- and 3'-RACE were 
used to clone the full length F3H cDNA. Inverse PCR was used to clone the F3H gene 
promoter. These techniques are reviewed in Chapter HI. PCR with degenerate primers, 
which was used to clone anthocyanin gene fragments, is reviewed below. The use of PCR
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to detect DNA polymorphisms known as RAPD (Random Amplified Polymorphic DNA) 
markers, an important tool in genetic linkage mapping, is reviewed in Chapter II.
PCR with Degenerate Primers
PCR using degenerate primers has been an important tool for gene cloning based 
on DNA sequence homology. This technique is appropriate when the precise DNA 
sequence of the required PCR primer sites is not known, but complementary sequence 
information from other species (i.e., “heterologous” sequence information) is available to 
provide a basis for primer design, or protein sequence is known to deduce possible DNA 
coding sequence (Zhao and Joho 1990).
The term “degenerate primer” actually refers to a mixture of primers that are 
variant forms of a common sequence. The differences in sequence among the similar 
primers are base substitutions, often placed at the third position of codons within the 
sequence, because the base content of these sites is often uncertain (or “degenerate”). To 
illustrate this concept, a degenerate nucleotide alphabet is provided (Table 4) to show the 
single-letter designations used by convention for any combination of nucleotides. For 
instance, the primer CHSR (Table 5) has the sequence 5 ’ GYTGNCCCCATTCYTT3 ’. 
This degenerate “primer” is actually a mixture of 16 primers including all combinatory 
permutations obtained by substituting either A, C, G, or T for N, and C or T for each Y. 
This primer would be described as having 16-fold degeneracy.
The extent of degeneracy is the most important consideration in designing and 
conducting a PCR with degenerate primers. Other considerations, like annealing 
temperature, primers and template concentration in reaction, are also important for
26
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successful PCR with degenerate primers. But each new PCR application is likely to 
require optimization. Some common problems include: no detectable product or a low 
yield of the desired product; the presence of nonspecific background bands due to 
mispriming or misextension of the primers; the formation of “primer-dimers” that 
compete for amplification with the desired product; and mutations or heterogeneity due to 
misincorporation (Innis et al. 1990).
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Table 4. The Degenerate nucleotide alphabet
Letter Specification Letter Specification
A Adenosine c Cytidine
6 Guanosine T Thymidine
R puRine (A or G) Y pYrimidine (C or T)
K Keto (G or T) M aMino (A or C)
3 Strong (G or C) W Weak (A or T)
B Not A (G, C, or T) D NotC (A, G, or T)
H Not G (A, C, or T) V Not T (A, C, or G)
N aNy (A, G, C, or T) I Inosine
*. Although inosine (I) is not a true nucleotide, it is included in this degenerate nucleotide 
list since inosine can pair equally well with all four nucleotides, creating a single bond in 
all cases, and used widely for design of degenerate primers. However, the incorporation 
of inosine will reduce the annealing temperature of the primer, which may be 
undesirable.
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GenBank and Related Tools
Very little strawberry DNA sequence information was available at the start of this 
study, and as of date, October 2001, there were still only 412 nucleic acid sequences 
isolated from Fragaria species in GenBank, including some genomic DNA sequences 
and repeated reports for the same sequence. Therefore, my approach for cloning 
anthocyanin biosynthetic genes in strawberry relied on the availability of heterologous 
DNA and protein sequence information from GenBank, and the use of bioinformatics 
computer programs to access and analyze these sequences. The analysis of the cloned 
strawberry sequences also depended upon the use of such computer programs.
GenBank was the main source for retrieving and analyzing bioinformatics data for 
this study. GenBank (http://www.ncbi.nlm.nih.gov/) is an NIH-sponsored and maintained 
computerized repository of most publicly accessible nucleic acid and polypeptide 
sequences (Benson, et al. 19.96). Since 1992, the database has been managed by the 
National Center for Biotechnology Information (NCBI), which collaborates with the 
other sequence database repositories. GenBank is a registered trademark of the National 
Institutes of Health. NCBI also maintains an extensive, free series of services that are 
GenBank-based. Sequence data can be analyzed for similarity to other sequences using 
the BLAST program (Benson et al. 1996).
The BLAST (Basic Local Alignment Search Tool) performs a similarity search of 
a sequence against public databases using one of five variants of the BLAST algorithm 
(Altschul et al. 1990). The server accepts queries containing a nucleotide or protein query 
sequence. A search of the sequence data is then performed against the specified database
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using the BLAST algorithm, and the results are returned. The BLAST algorithm was 
developed by NCBI at the National Library of Medicine (NLM); it is designed for finding 
ungapped, locally optimal sequence alignments. The BLAST family of programs 
employs this algorithm to compare an amino acid query sequence against a protein 
sequence database, or a nucleotide query sequence against a nucleotide sequence 
database, as well as other combinations of protein and nucleic acid comparison. The 
BLAST programs were tailored for sequence similarity searching, or to identify 
homology to a query sequence (Altschul et al. 1990). On the Web, NCBI offers access to 
the BLAST server, submission of sequence data, links to other related Web sites, and 
access to the integrated database retrieval system Entrez. Entrez links the nucleotide and 
protein sequence databases with literature references from MEDLINE, three dimensional 
structure data, and complete genome data.
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MATERIAL AND METHODS
Plant Materials
Representatives of three diploid Fragaria species were obtained from various 
sources for use in this study, as described below. All these plants were maintained in the 
greenhouse of Plant Biology Department at University of New Hampshire.
‘Yellow Wonder’ (YW) and ‘Baron Solemacher’ (BS) are two varieties of F. 
vesca ssp. vesca, f  semperflorens. These so-called ‘Alpine’ varieties are of European 
origin and are distinguished by their day neutral flowering habit, a single gene recessive 
trait. YW and BS also have the monogenic recessive runnerless trait. ‘Yellow Wonder’ is 
so named for its yellow/white fruit, resulting from homozygosity for the c allele, while 
BS has wild type red fruit (with white internal fruit color). BS was one of the parents 
used in construction of the published F. vesca linkage map (Davis and Yu 1997). YW 
and BS were obtained commercially from W. Atlee Burpee and Co., Warminster, PA.
Representatives of two other F. vesca subspecies were used. F. vesca ssp. 
americana varieties ‘Pawtuckaway’ (PAWT) and WC6 were both collected from the wild 
in New Hampshire by T. Davis and S. Williamson. WC6 was the second parent used in 
construction of the published F. vesca linkage map (Davis and Yu 1997). F. vesca ssp. 
bracteata DN1C was collected from the wild in Northern California by T. Davis.
Two other diploid species were used: F. nubicola FRA520 (from Pakistan) and F. 
viridis FRA341 (from Germany) - obtained from National Clonal Germplasm Repository,
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Corvallis, OR. F. viridis FRA341 has red internal fruit color. Finally, FRA364, a USDA 
accession, is a hybrid between F. viridis and F. vesca.
All of the plant varieties used in these studies except for YW and BS have the 
wild type traits of short day flowering habit, runnering, and red external fruit color. WC6, 
PAWT, DN1C and FRA520 have white internal fruit color, while FRA341 and FRA364 
have red internal fruit color.
Strawberry DNA Isolation
Genomic DNA was isolated from young, unexpanded leaf tissue using a CTAB 
miniprep protocol (Davis et al. 1995) modified from that of Torres et al. (1993). The 
method is presented in detail in Appendix Al.
PCR
A Perkin-Elmer Cetus Corporation thermal cycler was used for all PCR 
amplifications. PCR reaction mixes of 25 /d volume were prepared as previously 
described (Davis and Yu 1997), except that primer concentrations were varied according 
to their degree of degeneracy and were adjusted empirically to get optimized PCR results 
(i.e., strong target band and minimal secondary bands). Control reactions with single 
primers were used for comparison to help in recognizing and/or accounting for non­
specific PCR product gel bands. Total template DNA amount was 100 ng or less per 
reaction. Initially, a standard amplification profile was used. This amplification profile
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began with 2 min denaturation at 94°C, followed by 36 cycles of 1 min at 94°C, 1 min at 
the annealing temperature appropriate for the primer pair (Table 5), and 1 min at 72°C, 
followed by a final 5 min at 72°C. Depending on initial results, annealing temperatures 
were adjusted experimentally in the range of 48°C to 65°C to get the best result for each 
degenerate primer pair. To analyze PCR results, 12 pd of PCR reaction product was 
electrophoresed on a 2% agarose TBE gel.
Degenerate Primer Design
A functional degenerate primer pair for the chalcone synthase gene had been 
previously designed by T. Davis (Table 5), and was used in this study. For each of the 
remaining anthocyanin genes, heterologous DNA and protein sequences from various 
plant species, and a full length F. x ananassa DFR cDNA (Accession No. AF029685), 
were obtained from the NCBI GenBank. For each candidate gene, Lasergene MegAlign 
(DNAStar, Inc.) was used to compare genomic and cDNA sequences to determine the 
locations of introns and to align protein sequences to identify highly conserved coding 
regions. Sequences from about 20 different plant genera were used for this purpose. 
Degenerate PCR primer pairs were then designed to target conserved exon regions 
flanking intron sites, so that each PCR product would contain an intron sequence.
The design of degenerate primers was conducted according to the following steps. 
First, the approximate locations of the forward and reverse primers of a primer pair were 
determined based on intron location and exon sequence conservation. Then, specific 
primer sites were chosen according to the criteria listed below, and tested for any
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problematic self-dimers, pair-dimers and/or hairpins using the Primer Select (DNAStar, 
Inc.) program. In choosing the precise primer locations and designing high quality 
primer, the following considerations were used:
1) The degeneracy of the genetic code for the selected amino acids of the region 
targeted for amplification was examined, and primer sites were selected that avoided 
highly degenerate amino acid codons whenever possible. For example, methionine and 
tryptophan are each encoded by a single codon, but other amino acids may be encoded by 
two to six different codon triplets. Therefore, regions coding for the amino acids Arg, 
Ser, and Leu were avoided if possible.
2) The total degeneracy of the primer was minimized. While the PCR system will 
tolerate a high degree of degeneracy, obviously the lower this degeneracy, the higher the 
specificity. Although the degeneracy of a primer can be reduced by incorporating inosine 
residues in the place of N, inosine was not used because it reduces the primer annealing 
temperature, and substantially increases the cost of the primers.
3) Because a single mismatch may inhibit or prevent primer extension, 
degeneracy on the 3' end of the primer was avoided. Also, for the nucleotide on the 3' end 
of a primer, G anc C were preferred, and N and T were avoided. The reason for this is 
that thymidine can nonspecifically prime on any sequence. G and C are preferred since 
they form three H-bonds at the end of primer, a degree stronger than an A:T base pair.
4) The GC content was kept as high as possible to allow the annealing 
temperature to be relatively high.
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Cloning and Sequencing
After PCR with degenerate primer pairs, electrophoretic bands of the approximate 
expected sizes (assuming intron lengths ranging from 100 bp to 600 bp) were excised 
from 2% agarose TAE gels, purified with a Geneclean kit (BiolOl, Inc.), and cloned 
using a TA cloning kit (Invitrogen, Inc.). Plasmids were purified with the Wizard mini- 
prep kit (Promega, Inc.). Cloned PCR products were sequenced at the University of New 
Hampshire DNA sequencing facility using an automatic sequencer model 373A (Applied 
Biosystems).
Sequence Analysis
DNA sequences were initially processed and edited using the SeqEd program 
(Applied Biosystems), then further edited and translated using Lasergene EditSeq 
(DNAStar, Inc.). To confirm product identity, the GenBank BLAST application and 
Lasergene MegAlign (DNAStar, Inc.) were used to compare DNA sequences and amino 
acid sequences predicted from them with corresponding GenBank sequences.
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RESULTS
Effectiveness of Degenerate Primer Pairs
One or two forward and reverse degenerate primers were designed and tested for 
each of the six candidate genes. The locations of the selected degenerate primer pairs are 
shown in Figure 4 in relation to the inferred intro/exon boundaries of the respective 
genes. The primer sequences are listed in Table 5. Primers CHSF and CHSR flank the 
single intron site in the CHS gene. The primers CH3D2 and CHE)4 flank the site of 
intron n  of the CHI gene. For the F3H gene, primers F3 and F4 flank the intron II site. In 
the DFR gene, primers D1 and D2 flank the intron I site. The A2 and A3 primers flank 
the single intron site in the ANS gene. For the Del-like regulatory gene, in Arabidopsis 
there are five introns at conserved locations in the Atmyc-146 and Atmyc-1 genes and two 
additional introns present in Atmyc-1 only. The degenerate primers, DG1 and DG2, flank 
the first common intron (,Arabidopsis intron I) site of this gene family.
For a primer pair to be considered effective, it was obviously necessary for a 
primer pair to amplify its intended “target” sequence. A secondary criterion was the 
minimization of secondary, non-specific amplification products. Control reactions with 
single primers were used for comparison, to help in distinguishing target bands and 
accounting for non-specific PCR product gel bands. Target bands were expected to fall 
within an expected size range equal to the sum of the primer-primer distance (as 
determined from known, heterologous cDNA sequences) and an expected intron size
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Figure 4. Intron and degenerate primer locations in anthocyanin genes. The roman numerals indicate introns and the arrows give the 
locations of the degenerate primers listed for each gene in Table 5. Exons and amplified introns are drawn to scale, while all other 
introns (lengths unknown in F. vesca) are drawn to equal (small) size, a: introns present in snapdragon, petunia, arabidopsis, but not in 
maize and barley, b: introns present in Atmyc-1 of Arabidopsis, but not in Atmyc-146 of the same species.
Table 5. Degenerate primer pairs used to clone segments from anthocyanin genes in 
diploid strawberry. Primers were designed using Lasergene Primer Select (DNAStar, 







TAY CCN GAY TWY TAY TTC 




AAR TGG AAR GGH AAR AC 




TGG ATY ACB GTK CAR CC 




CGW GCM ACY GTB CGW GA 




TGG GAR GAY TAY TTY TT 




TAY GSM MTH TTY TGG TC 
AGA GAB TCR TAR AGY TC
‘ 56°C
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ranging from 100 bp to 600 bp. Target bands were expected to be absent in respective 
single primer control reactions.
Under the initially tested annealing temperatures and primer concentrations, many 
primer pairs produced multiple bands (Figure 5), and/or failed to produce bands of the 
sizes expected for target bands. If multiple bands were initially present, adjustments of 
primer concentrations (and concentration ratios between primers) and annealing 
temperatures were often sufficient to eliminate non-specific products. Following 
optimization of PCR conditions for each primer pair, primer pairs that met the selection 
criteria were further evaluated by confirming the sequence identity of putative target 
bands. For each selected primer pair, PCR product bands of the approximate expected 
sizes were cloned, and several clones from each band were sequenced. The identities of 
the sequenced clones were determined by a BLAST search and by alignment with 
heterologous GenBank sequences. Although a few clones proved to have come from non­
specific “background” products that co-migrated with the target bands, in each case the 
target PCR product was present, as identified on the basis of its sequence homology to 
known GenBank sequences.
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1 2 3 4 1 2 3 4
Figure 5. PCR products of degenerate primer amplification of anthocyanin genes. Lane 1 
in each photo is a 123 bp DNA ladder (Gibco-BRL), with the lowest band cropped out of 
the photo, other lanes are PCR products with: single primer DG1 of RAN gene (lane A-2), 
both primers of RAN gene (lane A-3), single primer DG2 of RAW gene (lane A-4), single 
primer A2 of ANS gene (lane B-2), single primer A3 of ANS gene (lane B-3), and both 
primers of ANS gene (lane B-4). The band indicated by an arrow is the target band 
amplified by both primers of the RAN (A) or ANS (B) gene fragment.
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Features of Cloned Gene Segments
The lengths of amplified and cloned strawberry gene segments ranged from 263 
bp (DFR) to 835 bp (CHI) (Table 6). As expected, the cloned segment of each gene 
contained an apparent intron sequence at the expected intron site. Introns were 
recognized by their presence at an expected location, by the fact that they interrupted an 
otherwise open reading, and by the presence of consensus intron splicing sequences
(/gt ag/) at the intron boundaries. Intron sizes ranged from 95 bp (DFR) to 574 bp
(CHI) (Table 6).
Conjoined sequences of flanking exons in each case consisted of an open reading 
frame, from which predicted amino acid sequences were derived. The length of predicted 
amino acid sequences (from the amplified gene segments) ranged from 37 amino acids 
(F3H) to 106 amino acids (ANS). The DNA sequences and the predicted amino acid 
sequences for these six genes in YW are presented in Figures 6, 7, 8, 9, 10, and 11. The 
respective DNA sequences cloned from YW and from another variety (DN1C or 
FRA520) have been submitted to GenBank under the following accession numbers: 
CHS/YW, AY017477; CHI/YW, AY017478; F3H/YW, AY017479; DFR/YW, 
AY017480; ANS/YW, AY017481; RAN/YW, AY017482; CHS/DN1C, AY017483; 
CHIlFRA520, AY017484; F3H/.DN1C, AY017485; DFR/FRA520, AY017486; 
AMS/FRA520, AY017487; RAN/.FRA520, AY017488.
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Table 6 . Features of cloned PCR products from degenerate primer PCR for each of six 








CHS 73 172(1) 180 253 bp = 84 aa
CHI 67 581 (It) 187 254 bp = 84 aa
F3H 60 506(H) 53 113 bp = 37 aa
DFR 22 95(1) 146 168 bp = 56 aa
ANS 83 112 (I) 237 320 bp = 106 aa
RAN 38 444(1) 132 170 bp = 56 aa
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1
TATCCCGACTACTACTTCCGTATCACCAACAGCGAGCACAA.GGCTGAGC
Y P D  Y Y P R X T N S E H K A E
73
TCAAGGAGAAATTCCAGCGCATGTgtaagtagtattacctactgatcca 
L K E K F  Q R M
t a a t t t t c t t t c t t c t c c a t g t c a a t t a a a a t t a t a a c t t g t t c a t t t t
t g t g t t c g a a t t a t a t a a a t a g t c t a c a c t t t a a t c c t t t c t a t g c a t g
a t t t t a t t a t a t a a t g c t g a t g g c ' t a g a g g t g t g g t g t t g c a t t t t c a g
246
GTGACAAATCTATGATCAAGAAGCGTTACATGTATTTGACTGAAGAAAT
C D K S M I K K R Y M Y L T E E I
TCTCAAAGAGAATCCTAGCATGTGTGAGTACATGGCACCTTCACTTGAT 
L K  E N P S M C E Y  M A P S L D
GCAAGACAAGACATGGTGGTGGTAGAAATTCCAAAGCTTGGAAAAGAGG 
A R Q D  M V G V E I P K L G K E
425
CCGCTGTCAAGGCCATTAAGGAATGGGGCCAGC 
A A V  K A I K E W G Q
Figure 6. Sequence of CHS segment cloned from YW. The lower case 
sequence is intron sequence. The upper case sequence is CHS coding 
sequence. The predicted amino acid sequences of the CHS exons are 
shown below the DNA sequence. The underline indicates the degenerate 
primer sites.
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1
AARTGGAAGGGCAAGACGGCCGAGGAGTTGACAGAGTCGGTTGAGTTCTTCAGG 
K W  K G K  T A  E E L T E S V E F F R
67
G A G A T C G T T A C A G g t a a a a t g a g t t t t t t t t t t t t t t t t t t t t t t t t g g a c g a a  
E I V T
c a g c t a a a a t g t t g g t t t t g a t a a a c g g c t g a a c t a a a a a t a g t t g g a c t t t g a
g a t t c c g a g t g c a a t t t a g a t g c t t a t g a t t g t c a g a t t g t g t a a t g t a g t t c c
a a t c a t t g g a a t t t t a g g c t t g a a c t c t t c c t a g t c t a t t t g c t t g t g t t c g g t
g t t c g g t t t a a g a a t c t g t t t t t a g t c t t a g c a a t g g a g a a t g g g a a t g a g c t t
c a t t t t a g t a g a g t t a a g g t a t t g a a t c t t a t g a a a g t t t g g a a c c t t t g g c c t
atcataaaccagacacttaacctcGatcaccaattggctaattcgatatttcga
t g t g c t t a c t a a a a t t g g t t g g c t t g g t t a g c t g a t a g a g a t t a a t t a g t g t g g
t a g a t t c c a t c c a g t t g t g a g a t c a g a c t a t c a t a c t c a c a a g t c a c a a g a c t c
a c a a g t c a c a a c a g a a c a a a t a a t a t a g a c a t t c a a a t g g a t g t t g c a t t t g t t
a a t t g c t g t a a a t a t g t t a g t a c a a t g g a t a t a a a c t t g g c t a t c a t t t t g c a g
649
GTCCTTTTGAGAAATTCACACAAGTGACAATGATACTACCGCTGACGGGCCAGC
G P F E K F T  Q V T M I L P L T G Q
AATACTCCGAGAAGGTTTCAGAGAATTGTGTTGCCATTTGGAAAAAGTTTGGAA
Q Y S E K V S E N C V A I W K K F G
TATACACTGACGCAGAAGCGAAAGCCATTGAAAAGTTCATAGAGGTCTTCAAAG 
I Y  T D A E A K A I  E K F  I E V F K
835
ATCAGACCTTCCCACCAGGCGCTTC
D Q T F P P G A S
Figure 7. Sequence of CHI segment cloned from YW. The lower case sequence 
is intron sequence. The upper case sequence is CHI coding sequence. The 
predicted amino acid sequences of the CHI exons are shown below the DNA 
sequence. The underline indicates the degenerate primer sites.
44
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1
TGGATTACCGTTCACCCTGTGGAAGGAGCTTTCGTGGTGAATCTTGGAG 
W I T V Q P V E G A F V V  N L G
60
A C C A T G G A C A T g tg a t ta ta c t tg tg a c a a t t tc a a t ta a tc tg a t tc a  
D H G H
t t a t t c t t g a t t g a t a a t t t t a c t a t t t t a g t g t c a c t a t c t t a a t g t g
a t t g t g a a a t a a g c a a g a t g g g g a c a c t t t a t t t g t t a t t t a t a c c a a a
c t c a t t a t g g t c a a t a t a t t t t t g t a a a g a a a t c g a g a a t a a t a g g g t c
t a g g t g c g t g g a t g t a g a a c t c a t g g g t t t a a t t t g a t t t a c t t g g t t a
a t t a a t a t t t a t g t t a c g t a t a c t c a a t t a t a t t t a c c c g g t t a a t a c g
a c c c a g a a a c t c a t a c t c a a t c a t t t a t g g a t g t a a t t c a a t g g a a a a t
g a g a a t t a t g t t t a a g t g a a g t t a t t t t a t t t t c a a c a t t t a g a t g t a a
a t a t a c a a a a t g t t t g a g t t t c t t a g t g a g t c a g t g a c t g a g t g a c c a t
t a a c a t a c g t a t a a t a t a t a c c a a t a c g a a c g t a t a g t c t t a t a t g t a t
567
tgacacattatttgggtgatggaacagTTTCTGAGCAATGGGAGGTTCA
F L S N G R F 
619
AGAATGCTGATCACCAGGCCGTAGTGAACTC 
K N A D H Q A V V  N S
Figure 8. Sequence of F3H segment cloned from YW. The lower case 
sequence is intron sequence. The upper case sequence is F3S coding 
sequence. The predicted amino acid sequences of the F3S exons are 
shown below the DNA sequence. The underline indicates the degenerate 
primer sites.
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1 22
CGAGCCACCGTTCGAGAC C C T A g t a c g tg c a a c a ta g c ta g c t ta tg t t  
R A T V R D P
t a t t c a t c a t t t c a a g c a g g t t t a t t t g g t t t c g t g t t t t t t t g a t t g a
118
gtaaattgttgtgtaacagCTAATGCGAAGAAGGTGAAGCATCTGCTAG
A N A  K K V K H L L
ACTTGCCGAAGGCGGCGACTCACTTGACGCTGTGGAAGGCGGACCTGGC 
D L P  K A A T H L T L W K A D L A
GGACGAGGGCAGCTTCGACGAAGCCATTAAGGGATGCACCGGTGTGTTC
D E G S F D E A I K G C T G V P
263
CACGTCGCCACCCCCATG 
H V A T P M
Figure 9. Sequence of DFR segment cloned from YW. The lower case 
sequence is intron sequence. The upper case sequence is DFR coding 
sequence. The predicted amino acid sequences of the DFR exons are 
shown below the DNA sequence. The underline indicates the degenerate 
primer sites.
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1
TGGGAGGACTACTTTTTCCACTGTGTTTATCCTGAGGACAAGCGTGACT 
W E D Y F F H C V  Y P E D K R D
83
TGTCCATTTGGCCTCAAACACCTTCCGACTATATgtaagtgtaacaaac 
L S I W P Q T P S D  Y I
c c a c t g c t a g c t c t g g t t c t c t a a a g g g t a g t t c a t t t a g c a t t a t c a t
1 9  6
t t a t t t a t a c g t t t t c c t a a c t g g c g t c a t a t t c a c a t a a a c g t g t a g T
GTGGGAACAAGTGAGTATGCTAAGGAACTGAGGGGGTTAACAACCAAGA
V A T S E Y A K E L R G L T T K
TACTGAGCATACTCTCACTTGGCTTGGGATTAGAAGAAGGGAGGCTGGA
I L S I L S L G L G L E E G R L E
GAAGGAGGTCGGTGGACTCGAAGAACTCCTCCTGCAAATGAAGATCAAC
K E V G G L E E L L L Q M K I N
TACTACCCAAAATGCCCTCAGCCGGAACTTGCACTCGGCGTGGAAGCTC 
Y Y P K C P Q  P E L A L G V E  A
432
ATACAGACATAAGTGCACTCACCTTCATCCTCCACAACAT
H T D I S A L T F I L H N
Figure 10. Sequence of ANS segment cloned from YW. The lower case 
sequence is intron sequence. The upper case sequence is ANS coding 
sequence. The predicted amino acid sequences of the ANS exons are 
shown below the DNA sequence. The underline indicates the degenerate 
primer sites.
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1 38
TATGGCCTCTTCTGGTCCATTTCACCAAAACAACCAGGgtattcatact 
Y G L F W S I S P K Q P G
t t c a t t t t t t t g c t c t g t t t g g g t t t a t t g a a t t t t t c a t a a a c t g t g a
a t c t t g g t a t t a a g a a a a g a a t a a g g a c a a a a t c t t t g t g c g g a a g t t g
t t g a c a a a a g g c a t t g t t g t c t g t g t g g t g g t c c t t a a t t t t t t c t t a a
t t t t c t g c a a a t t c g a c c g c t t g a g a t t c c c a g a a t t t c t a t t a t g g g a
g g t c a t c t g g a t t c a g g c a c g t g t t g g g t t t t a a a g g g t a g t t t t g g t c
a t c t t c t t t g c t t c t g c a t t t g c a g c a g t g a g t t t g g a a a t t t g g a a a t
t g a g a c t a a t g t t g g t c t t g t a t t t g g a c t a a t a c g t t a a a a a a t g t t g
a a g a a a g a g g t a a t a c t t t t t a a c t g t t t g a t c a t g t a g t t c t t c c a g t
483
a tc tg a t g g c a t t g c c c t t g t t t g c a t a t t t g a c a t t a c a g G G T T T T G G
V L
AGTGGGGTGATGGGTACTACAATGGAGATATCAAGACAAGAAAAACAGT 
E W G D G Y Y N  G D I K T R  K T V
TCAAGCCATAGAACTCGATGCTGATCAAATGGGTTTGCAGAGGAGTGAA
Q A X E L D A D Q M G L Q R S E
614
CACTTGAGAGAGCTTTACGAGTCTCT 
H L R E  L Y E S L
Figure 11. Sequence of RAN segment cloned from YW. The lower case 
sequence is intron sequence. The upper case sequence is RAN coding 
sequence. The predicted amino acid sequences of the RAN exons are 
shown below the DNA sequence. The underline indicates the degenerate 
primer sites.
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The predicted amino acid sequences were compared with corresponding GenBank 
sequences using the BLAST program, as summarized in Table 7. The amino acid percent 
identities of the heterologous GenBank sequences most closely matching the six 
candidate genes were as following: CHS 94%; CHI 84%; F3H 100%; DFR 94%; ANS 
89%; and RAN 78%. The alignments of the predicted amino acid sequences with 
heterologous GenBank sequences (APPENDIX B1-B6) showed that the cloned segments 
were highly conserved in those species. The high amino acid similarity, as well as the 
precise intron junction sequence and site, was considered sufficient to confirm the 
identities of six cloned gene segments.
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Table 7. Comparison of predicted amino acid sequences of the cloned exon sequences of 
six anthocyanin genes from F. vesca YW with the known related gene sequences from 
GenBank.
Gene Species Amino Acid GenBank
(N) identity Accession No.
CHS Casuarina glauca 94% CAA10641
(84) Camellia sinensis* 92% P48386
Pisum sativum 92% P51082
Pueraria lobata 91% P23569
Medicago sativa* 90% P30076
Trifolium subterraneum 90% P51088
CHI Citrus sinensis* 84% BAA36552
(84) Elaeagnus umbeliata* 84% 065333
Malus sp. 84% S29554
Raphanus sativus 79% 022651
Vitis vinifera 79% P51117
Arabidopsis thaliana 77% P41088
F3H Arabidopsis thaliana 100% AAC49176
(37) Persea americana 100% AAC97525
Matthiola incana 100% Q05965
Petunia x hybrida 100% AAC49929
Ipomoea batatas 97% BAA75308
Vitis vinifera 97% P41090
DFR Vitis vinifera 94% P51110
(56) Rosa hybrida 94% BAA12723
Malus domestica 91% AAD26204
Camellia sinensis 87% BAA84939
Fragaria x ananassa 87% AAC25960
Glycine max* 82% AAD54273
ANS Malus sp. 89% P51091
(106) Ipomoea batatas 86% BAA75305
Daucus carota* 84% AAD56581
Forsythia x intermedia 83% CAA73094
Vitis vinifera 83% P51093
Callistephus chinensis 82% AAB66560
RAN Arabidopsis thaliana (bHLH) 78% AAB72192
(56) Antirrhinum majus (DEL) . 76% A42220
Perilla frutescens (MYC-RP)* 73% BAA75513
Petunia x hybrida (JAF13) 66% AAC39455
Zea mays (R-S) 62% P13027
Oryza sativa (Ra) 62% S65802
N = number of amino acids in F. vesca sequence including primer sites
*: Species with which the indicated degenerate primer pair doesn't provide a perfect
match for the corresponding GenBank sequence
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DISCUSSION
The objective of the research described in this chapter was to develop the 
molecular resources (DNA sequence information, and probes or PCR primer sets) needed 
to identify polymorphisms in six genes of the strawberry anthocyanin biosynthetic 
pathway. Unlike for some major crop and model plant species, resources such as genome 
libraries, extensive cDNA sequence databases, and complete genome sequences, were 
(and are) not available for strawberry. Therefore, I adopted an approach that exploited 
heterologous DNA sequence as a basis for design of degenerate PCR primer pairs used to 
amplify, clone and sequence segments of the strawberry genes of interest. For each of 
these six genes, a degenerate primer pair that amplified the target sequence from 
strawberry genomic DNA was successfully designed and utilized.
As a consequence of sequencing the putative target bands, strawberry-specific 
DNA sequence information for segments of each of the candidate genes was obtained. 
With the exception of the exon segment of the DFR gene, for which a complete cDNA 
sequence from F. x ananassa was previously listed in GenBank, all of the sequences 
generated by this study constituted unique contributions to knowledge of the strawberry 
genome. These sequences have been deposited in GenBank to provide a resource for 
other scientists.
The success of my approach was dependent upon the availability in GenBank of 
several heterologous sequences for each of the six candidate genes. Multiple comparisons 
of several heterologous sequences made it possible to identify widely conserved regions 
to which degenerate PCR primers could be targeted. In the absence of such comparisons,
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it would not be known which sites in the gene were well-conserved among many species, 
reducing the chances that the primers designed from any one species’ sequence would 
also work on strawberry.
Once the strawberry-specific sequence information was generated for the six 
candidate genes, it was of interest to see how the sequences and intron/exon structures of 
the strawberry genes compared with those of other species. As had been hoped, each 
strawberry gene contained an intron at the same position as that of other species 
described in GenBank entries. All of the strawberry introns begin at the 5' end with a GT 
dinucleotide sequence and terminate at the 3' end with an AG dinucleotide sequence. 
Thus, the border sequences of all the six introns indicate that they belong to the major 
intron group that includes nuclear-derived transcripts representing mRNAs, the removal 
of which requires small nuclear RNAs (snRNAs) (Klug and Cummings 1997).
The exon sequences of the cloned gene segments varied in their amino acid 
similarity with the corresponding genes in other species. F3H was the most highly 
conserved, with a 100% sequence match to species as diverse as Arabidopsis 
(Brassicaceae) and Petunia x hybrida (Solanaceae). However, the cloned exon sequence 
was only 37 codons long, so not too much significance should be attached to the high 
sequence conservation.
Interestingly, the cloned DFR gene segment had a higher degree of polypeptide 
sequence homology (94% identity over 56 amino acids) to rose and apple (also members 
of the Rosaceae), than to F. x ananassa (87% identity). It would be reasonable to expect 
the cloned sequence from F. vesca to more closely resemble a DFR sequence from 
another Fragaria species than sequences from other genera. An explanation may be
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found in the expectation that, as an allo-octoploid, F. x ananassa is likely to contain 
multiple, divergent alleles of the DFR gene, only one of which is represented in 
GenBank. It is also possible that F. vesca contains multiple copies of the DFR gene, only 
one of which was cloned in this study. However, it is noteworthy that the DFR 
degenerate primers used in this study had the highest specificity of any of my degenerate 
primer pairs. Only a single, very clear and strong band was visible on the gel, and the two 
clones analyzed from this band were identical in sequence. Therefore, nothing in my data 
suggested that there might be multiple DFR genes in F. vesca.
The possibility that F. vesca contains multiple copies of one or more of the 
candidate genes must be considered. For each candidate gene, only one PCR product 
band was cloned, although several clones from each band were sequenced. Some clones 
were obtained that contained sequences that did not match the target gene (except at one 
or both primer sites), or anything else in GenBank. These clones probably resulted from 
rare, non-specific amplification products that happened to co-migrate with the target 
product. However, when multiple clones from the same band that did contain the target 
sequence were compared, the sequences were always essentially identical, as indicated 
above for DFR. Thus, although the possible existence of multiple copies of one or more 
of the candidate genes cannot be ruled out, no evidence of multiple genes was obtained 
for any of the candidate genes via the approach I used. Importantly, evidence from 
genomic Southern analysis presented in Chapter HI indicates that the F3H gene is present 
as a single copy in F. vesca.
Because the degenerate primer pairs developed in this study were targeted to 
highly conserved sites, these primers might also work on species other than strawberry.
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Based upon alignment to GenBank sequences, the primer pairs listed in Table 5 would be 
expected to work in 29 out of 36 gene/species combinations surveyed in Table 7, 
although optimization of annealing temperatures and confirmation of PCR product 
identities would be required. Thus, these primer pairs, if not “universal”, should be useful 
in a wide range of Angiosperm species.
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CHAPTER II
DETECTION AND MAPPING OF 
CANDIDATE GENE POLYMORPHISMS
This chapter is concerned with determining the linkage relationships of the six 
candidate genes with the c locus and with each other. For the purpose of linkage 
mapping, it was necessary to discover and conveniently detect molecular polymorphisms 
in each of the six candidate genes. The published F. vesca linkage map (Davis and Yu 
1997) was an important resource for this phase of the research. However, the original BS 
x WC6 mapping population used to construct this map was not segregating for the red 
versus yellow/white fruit color polymorphism determined by the c locus. Therefore, it 
was necessary to employ new mapping populations and to detect as many previously 
mapped molecular markers as possible in these new populations. In this chapter, the 
literature review provides an overview of the F. vesca map and the marker techniques 
and mapping approach needed to achieve the research objectives.
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LITERATURE REVIEW
Genetic Mapping in Diploid Strawberry
To date, the F. vesca map constructed by Davis and Yu (1997) (Figure 12) is the 
only published linkage map in any species of Fragaria. The map was constructed using 
segregation data from the F2 generation of the cross BS x WC6, where BS and WC6 are 
representatives of F. vesca subspecies vesca and americana, respectively. The map is 445 
cM long and consists of seven linkage groups, the expected number for F. vesca. 
Although this map is modest in scope, containing only 80 markers, it provided a 
sufficient foundation for addressing the objectives of this project. The various types of 
markers on the map, including morphological, allozyme, RAPD and STS, are 
summarized below.
Morphological Trait Markers
Morphological (and physiological) markers are the traditional genetic markers, 
which can be traced back to Mendel’s experiments, involving visible traits such as shape, 
color, flower habit, etc. In F. vesca, several monogenic traits have been described 
(Richardson 1914, 1918, 1923; Brown and Wareing 1965), only three of which are 
relevant to the present investigation. These three - the recessively inherited runnerless 
(r), day neutral flowering (s), and yellow/white fruit color (c) traits - were studied, and 
assigned gene symbols, by Brown and Wareing (1965), and were mapped to linkage 
groups II, VI, and I, respectively, by Davis and Yu (1997; unpublished). The dominant,
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Figure 12. Linkage Map of Fragaria vesca (Davis and Yu 1997). Each linkage group is 
labeled with a Roman numeral and represented by a pair of vertical lines (linkage 
subgroups) incorporating dominant markers derived from WG6 (left) and BS (right). 
Codominant marker symbols are situated between, and connecting, linkage subgroups 
within each linkage group. Map regions in which the certainty of relative marker order is 
less than LOD 2.0 (as determined by the MapMaker “Ripple” function) are indicated by 
brackets. The orientation of the BS subgroup with respect to the location of codominant 
marker PX18AB in linkage group VI is uncertain: the alternate possible orientation is 
obtained by flipping the BS axis into the position indicated by the dotted line while 
holding constant the position of marker B103C relative to PX18AB.
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wild type forms of these traits are runnering (R), short day flowering habit (S), and red 
fruit (C), respectively.
Allozvme Markers
Allozymes were the first “molecular” marker type to be developed. This kind of 
marker is based on electrophoretically distinguishable, allelic isozyme forms. Isozymes 
are enzymes that have identical or very similar catalytic properties, but differ in some 
property such as net electrical charge, pH, molecular weight or amino acid sequence 
(Klug and Cummings 1997). Allozymes are isozymes encoded by alternate alleles of the 
same locus. Only the allozymes phosphoglucose isomerase (PGI) (Yu and Davis, 1995) 
and shikimate dehydrogenase isozyme (SDH) (Williamson et al. 1995) have been utilized 
as markers in F. vesca. In the first report of genetic linkage in strawberry, the Sdh locus 
was found to be tightly linked (<1 cM) to the c locus (Williamson et al. 1995). The Sdh 
and PGI-2 loci were both located on the first strawberry genetic map, in linkage groups I 
and II, respectively (Davis and Yu 1997).
Random Amplified Polymorphic DNA (RAPP) Markers
Most of the markers on the F. vesca map are Random Amplified Polymorphic 
DNA (RAPD) markers. The RAPD technique, an application of PCR, was developed in 
two laboratories (Williams et al. 1990, Welsh and McClelland 1990) and has been widely 
used in plant linkage mapping. It depends on the fact that a single, short (-10 bp) 
oligonucleotide primer of arbitrary sequence can find pairs of identical priming sites 
oriented toward each other on opposite DNA strands at distances close enough for the
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intervening sequence to be PCR-amplified by the single primer. A given RAPD primer 
will amplify several products, producing a ladder-like DNA fingerprint, within which 
particular bands may be polymorphic (present/absent, or of differing mobility) between 
individuals. Different primers produce different sets of bands, and detect different 
polymorphisms. RAPD polymorphisms are inherited in Mendelian fashion and can be 
utilized in linkage mapping (Tingey and del Tufo 1993).
One drawback with the use of RAPD markers for mapping is that they are not 
always transferable from one mapping population to another. What this means is that a 
given marker may be segregating in the progeny of a particular cross, but may be 
undetectable (i.e., no amplification product), or detectable but monomorphic (not 
segregating) in the progeny of a different cross. A second drawback is that most RAPD 
markers have a dominant/recessive, presence/absence pattern of inheritance (Tingey and 
del Tufo 1993), as compared with the codominant, band-mobility polymorphisms of 
isozymes and certain other molecular markers. Dominant markers provide less linkage 
information than do codominant markers because in the former case heterozygous 
individuals do not have a unique phenotype and cannot be distinguished from 
homozygous dominant individuals (Allard 1956).
However, there are several methods of overcoming the drawbacks of RAPD 
markers. One way is to clone and sequence the ends of a RAPD product and design a new 
pair of site-specific primers -  so-called SCAR (Sequence Characterized Amplified 
Region) primers (Paran and Michelmore 1993) that are much more likely than the 
original RAPD primer to amplify bands of differing mobility in plants from genetically 
diverse populations. In the present research, this approach was taken to convert the
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mapped RAPD marker 0PX18AB into codominant SCAR marker PX18SS marker to 
allow its detection in several different mapping populations.
Although most RAPD markers are of the present/absent, dominant/recessive type, 
Davis et al. (1995) devised a template mixing method that allowed the preferential 
identification of codominant RAPD markers. With this method, they located 11 
codominant as well as 64 dominant RAPD markers in the first strawberry genetic map 
(Davis and Yu 1997).
Sequence Tagged Site (STS) markers
STS markers are PCR detectable polymorphisms at chromosomal locations of 
known DNA sequence (Olson et al. 1989). They are detected via PCR amplification 
using pairs of primers designed to amplify the specific, known sequence. SCAR markers 
(described above) are a type of STS marker. Genes are often mapped as STS markers. 
There are several types of STS polymorphisms and PCR techniques used to detect them. 
In constructing the F. vesca map, Davis and Yu (1997) used GenBank sequence 
information (Wolyn and Jelenkovic 1990) to design primers to amplify and map the 
alcohol dehydrogenase (ADH) gene as an STS by exploiting an easily detected intron 
length polymorphism in this gene. This codominant, band mobility polymorphism 
resulted from a 23 bp insertion in intron II of the WC6 allele as compared with the BS 
allele (T. Davis, unpublished), and was easily detectable on an agarose gel (Davis and Yu 
1997). I chose to follow this example by screening the parents of available mapping 
populations for intron length polymorphisms in each of the six candidate genes.
60
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Heteroduplex Analysis
Heteroduplex analysis is comprised of the generation, detection, and 
interpretation of heteroduplex electrophoretic bands (Yap et al. 1994). DNA 
heteroduplexes are formed when annealing occurs between complementary DNA strands 
of different origins, as can occur in the latter cycles of a PCR reaction when two allelic or 
otherwise complementary sequences are both present as templates in the reaction. If 
heteroduplex molecules contain base-pair mismatches and/or single strand loops at indel 
sites, the electrophoretic mobility of the heteroduplex band(s) is commonly retarded as 
compared with one or both of the two respective homoduplex bands (Yap et al. 1994). 
Thus, the presence of a slow migrating heteroduplex band in the electrophoresed products 
of a PCR reaction is diagnostic of the presence of two allelic forms of the template 
sequence. This phenomenon was exploited by Davis et al. (1995), who used mixed 
template PCR reactions as a basis for detecting allelism between RAPD marker bands, 
and for identifying RAPD primers that detected codominant RAPD markers. Similarly, 
the technique can be used diagnostically to detect mutant alleles of a gene when DNAs 
containing the normal and putatively mutant forms of the gene are amplified in the same 
reaction (Yap et al. 1994). Heteroduplex analysis was used in the research described here 
as a tool for detecting and mapping polymorphisms in anthocyanin candidate genes.
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Linkage Mapping as a Means of Gene Identification: 
The Candidate Gene Approach.
Linkage maps are constructed by correlating the segregation patterns of numerous 
markers segregating in the same mapping population. A mapping population is a 
segregating progeny population derived from a cross -  commonly an F2 generation or 
testcross progeny. Complete linkage (no recombination) between a morphological trait 
locus and a candidate gene constitutes evidence for identity between the trait locus and 
the candidate gene. Identification of a linkage association between a mutant trait and a 
candidate gene usually is the first step in determining the molecular genetic basis for the 
trait.
In the present investigation, the goal was to determine the molecular identity of 
the c locus governing red versus yellow/white fruit color. It was hypothesized that a 
mutation in one of six candidate genes of the core anthocyanin pathway might be 
responsible for the mutant, yellow/white fruit color trait. To test this hypothesis it was 
necessary to detect the segregation of alternate alleles of each candidate gene in a 
mapping population that was also segregating for red versus yellow/white fruit color. To 
achieve this goal, I exploited the availability of three such mapping populations, with the 
expectation that a conveniently detectable intron length polymorphism could be identified 
for each of the candidate genes in at least one of the populations.
Although the F. vesca map constructed by Davis and Yu (1997) remains the only 
published strawberry linkage map, a radically different set of strawberry mapping data 
was obtained by T. Davis, K Haymes and H. Yu from crosses (FRA364 x YW, FRA364 
x BS) involving the diploid species F. vesca and F. viridis. This data set, which has been
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presented in abbreviated form (Davis et al. 1996), was subjected to a linkage analysis in 
which only four linkage groups were detected instead of the expected seven. This result 
suggested the existence of chromosomal translocations differentiating the F. vesca and F. 
viridis genomes (Haymes 1993, Davis 1996). The relevance of this work to the current 
investigation is that the respective mapping population was segregating for the trait of red 
versus white internal fruit color. All fruit had red external fruit color. The internal fruit 
color polymorphism behaved as a monogenic trait, and was closely linked to the Sdh 
isozyme locus, which was also segregating in the population. Because the Sdh locus is 
closely linked to the c locus (Williamson et al. 1995), it was reasonable to test the t 
hypothesis that control of the red versus white internal fruit color polymorphism might 
reside at the c locus.
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MATERIALS AND METHOD
Mapping Populations
The following six segregating populations were of importance for the research 
described in this chapter:
1) Original F? mapping population. DNA samples from the 80 plants of the BS x 
WC6 F2 population used by Davis and Yu (1997) to construct the F. vesca 
linkage map were available, and were used for purposes of comparison.
2) New P? mapping populations: Three new F2 plant populations in which YW 
was used as a common crossing parent and one of three red-fruited varieties 
was used as the other crossing parent were available for mapping. There were 
at least 40 F2 plants each from the following crosses: YW x PAWT, DN1C x 
YW and YW x FRA520.
3) A backcross population YW x Fi (YW x FRA520) of 40 plants was 
established by backcrossing an available Fi plant of the cross YW x FRA520 
to YW (as female).
4) An existing Fi population of about 40 individuals from the cross YW x 
FRA364 was used to assess the relationship between the internal fruit color 
trait and F3H. FRA364 is an Fj hybrid between F. vesca and F. viridis.
These populations were maintained in the field of Woodman Farm at University 
of New Hampshire. The parents of these populations: PAWT, BS, WC6, YW, DN1C, 
FRA520, and FRA364 were described in the Methods and Materials section of Chapter I.
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RAPP and Morphological Markers
RAPD markers were amplified using the 28 individual decamer primers employed 
in construction of the original F. vesca linkage map (Davis and Yu 1997). The 
amplification conditions were as previously described (Davis et al. 1995).
Two steps were taken in the selection of RAPD primers and markers used in this 
study. Initially, it was necessary to determine which of the previously mapped RAPD 
markers were conserved (detectable and polymorphic) in new mapping populations. Each 
of previously used RAPD primers was tested on the new mapping parents: PAWT, YW, 
DN1C and ERA520, and banding patterns were compared with those generated in the 
previous study employing mapping parents BS and WC6 (Davis and Yu 1997). 
Conserved RAPD markers (Table 8) representing the seven F. vesca linkage groups were 
then amplified and mapped in the new mapping populations.
In an effort to provide a needed marker in linkage group VI, one previously 
mapped RAPD marker, PX18AB, was converted (by cloning, sequencing and specific 
primer pair design: results not shown) into a site-specific “SCAR” marker PX18SS, and 
detected by the following primer pair:
PX18-25: 5'-TGGGGTGAATATTGGGGTAGA-3'
PX18-13: 5 -AGGTGGGGTAGG AGAAA AG A AAG-3'
The three monogenic morphological traits, yellow fruit versus red fruit, runnering 
versus runnerless, and day-neutral versus short-day flowering habit, were classified 
unambiguously in the new Fz mapping populations based on one year of visual 
observation in greenhouse and field environment.
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Table 8. Primers used to detect RAPD markers in mapping populations. Marker symbols 




B 102 GGTGGGGACT B 102A , B 102B , B 102C , B102D E, B 102F
B 104 GGGCAATGAT B104C
B 186 GTGCGTCGCT B186D
B 191 CGATGGCTTT B 191A
B 194 AGGACGTGCC B 194A , B194BD , B 194E
PA07 GAAACGGGTG PA07C
PO20 ACACACGCTG PO20C
PX18 GAC TAGGTGG PX18AB
PZ04 AGGCTGTGCT PZ04CD
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Detection of Candidate Gene Polymorphisms
To facilitate detection and mapping of candidate gene polymorphisms, sequence- 
specific, non-degenerate primer pairs were designed for CHS, CHI, F3H, and RAN (Table 
9), based upon the sequence information obtained as described in Chapter I. The original 
degenerate primer pairs for DFR and ANS were sufficiently specific to allow their use for 
polymorphism detection and mapping (Table 9). Annealing temperatures for the primer 
pairs used for mapping are provided in Table 9. Otherwise, amplification conditions were 
the same as described in Chapter I. PCR products were visualized on ethidium bromide 
stained, 2% agarose TBE gels.
To allow detection of small indel polymorphisms via heteroduplex analysis, 
mixed template PCR reactions were utilized as needed. In this case, PCR reaction 
conditions were the same as for single template PCR, except that equal amounts (~ 50 ng) 
of template DNA from each of two sources were utilized in a single reaction. Once 
electrophoretically detectable polymorphisms were detected between YW and any of the 
other crossing parents, the different alleles of these anthocyanin genes were cloned and 
sequenced. Cloning was performed as described in Chapter I. The allele sequences were 
aligned using MegAlign (DNAStar, Inc) to determine the molecular basis for the 
electrophoretically detected polymorphism.
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Table 9. Primer pairs used to map anthocyanin genes. Primers were designed using 






CHS CHSNF TAT CCC GAC TAG TAC TTC 56°C
CHSNR GCT GGC CCC ATT CCT TAA
CHI CHEF AAG ACG GCC GAG GAG TTG 56°C
CHIR CGT CAG CGG TAG TAT CAT TGT C
F3H FC AAC TGT TCC ATC ACC CAA ATA AT 56°C
FD CGA CCC AGA AAC TCA TAC TCA A
DFR D1 CGW GCM ACY GTB CGW GA 56°C
D2 CAT RGG NGT KGC SAC RT
ANS A2 TGG GAR GAY TAY TTY TT 52°C
A3 ATG TTG TGK AGD ATR AA
RAN R1 TTC ACC AAA ACA ACC AG 56°C
R2 GTA CCC ATC ACC CCA CTC
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Mapping
Once a conveniently detectable candidate gene polymorphism was detected 
between YW and one or more of the other three mapping parents, the polymorphism was 
mapped in the respective mapping population in relation to RAPD and morphological 
markers, including the c gene. Segregation data for each marker were coordinately 
analyzed with the aid of the Mapmaker Program (Lander et al. 1987). Linkages detected 
between anthocyanin genes, RAPD and morphological markers were used to assign the 
anthocyanin genes to linkage groups and approximate map positions on the basis of the 
known map positions of the linked RAPD and morphological markers.
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RESULTS
Conservation and Mapping of RAPD and Morphological Markers
Initially, it was necessary to establish linkage group identities for each of the three 
new mapping populations by determining which of the previously mapped RAPD and 
morphological markers were detectable and segregating in the new mapping populations. 
Three criteria were used to evaluate the conservation of RAPD markers between the 
original and the three new mapping populations. These criteria were: 1) the appearance 
and electrophoretic mobility of the respective marker band in the original mapping 
parents (WC6 and BS) as compared with the new mapping parents (YW, FRA520, DN1C 
and PAWT) (Figure 13), 2) detection of polymorphism between YW and one of the red- 
fruited mapping parents (PAWT, DN1C, ERA520) (Figure 14), and 3) conservation of 
linkage relationships among markers. Based upon these criteria, of the 74 originally 
mapped RAPD markers, 45 were transferable to the YW x PAWT population, 13 were 
transferable to the DN1C x YW population, and 8 were transferable to the YW x FRA520 
population (Table 10).
Interestingly, certain RAPD markers were converted from codominant (variant 
band mobility) to dominant (band present/absent) markers, or vice versa, as compared 
with their dominance status in the original BS x WC6 cross. For instance, the previously 
mapped dominant marker B102C (linkage group II) was detected as a codominant marker 
(B102CC') in both YW x FRA520 and DN1C x YW populations, while previously 
dominant B102A (linkage group V) was detected as a dominant marker in YW x FRA520
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Figure 13. Selection of RAPD markers in new mapping populations. Lane 1 is a 123 bp 
DNA ladder (Gibco-BRL), with the lowest two bands cropped out of the photo. The 
template DNAs used in the selection of RAPD markers are FRA520, YW, BS, WC6, 
PAWT, DN1C, with primer B188 (lanes 2 -  7), primer B190 (lanes 8 -  13), and B191 
(lanes 14 -  19). Arrows indicate RAPD markers B188A (lane 5), B190A (lane 11), B190 
B (lane 10), B191A (lane 16), and B191B (lane 17). RAPD marker B191A was selected 
for its polymorphism and stable amplification in new mapping populations.
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Figure 14. Mapping of RAPD markers in new mapping populations. Lane 1 is a 123 bp DNA ladder 
(Gibco-BRL), with the lowest four bands cropped out of photos. Primer B191 was used to amplify the 
template DNAs of 39 F2 plants of cross DN1C x YW (lanes 2 -  40). Arrow indicates B191A marker, 
which was not shown in lane 27 only. No PCR product was amplified in lane 25.
Table 10. RAPD and morphological markers conserved between original and new 
mapping populations. Non-conserved markers were either not amplified (-NA), or were 
amplified but monomorphic (-M) in the respective populations. Changes in dominance 
states (B102C -» B102CC', B102A B102AA', PZ04CD -> PZ04D, B194BD ->
B194B) or to site-specific marker (PX18AB -» PX18SS) are described in the text.
Linkage Group Original* YW x FRA520 DN1C x YW
I B102DE -NA B102DE
B191A -NA B191A
c c c




in B102B -NA B102B
B194E -NA B194E
PA07C PA07C PA07C




V B102A B102A B102AA'
PZ04CD PZ04D -M
VI PX18AB -M PX18SS
s 5 s
v n B194BD B194B B194BD
PO20C PO20C PO20C
* BS x WC6 F2 population (Davis and Yu 1997)
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but as a codominant marker (B102AA') in DN1C x YW. Previously codominant marker 
B194BD was also detected as codominant in DN1C x YW, but as dominant (B194B) in 
YW x FRA520. Finally, previously codominant marker PZ04CD was detected as 
dominant in YW x FRA520 (Table 10). With the original OPX18 RAPD primer, the 
previously mapped RAPD marker PX18AB was not polymorphic in either YW x 
FRA520 or DN1C x YW population; however, the locus was detected as polymorphism 
(PX 18SS) in the DN1C x YW using the SCAR primer pair. The three morphological 
markers, yellow fruit versus red fruit (c, linkage group I), day-neutral flowering versus 
short-day flowering ($, linkage group VI), and runnering versus runnerless (r, linkage 
group II), were segregating in all three mapping populations.
The RAPD and morphological markers of previously known map position (Davis 
and Yu 1997) were used to define the linkage groups in the new mapping populations. 
Linkage relationships among the RAPD and morphological markers were as expected, 
based upoh the existing F. vesca map. Each linkage group had at least one marker in each 
population.
Candidate Gene Polymorphisms
For each candidate gene, an electrophoretic polymorphism was detectable in at 
least one of the three mapping populations (Figure 15). For all except DFR, the candidate 
gene polymorphisms consisted of distinct band mobility shifts, and in each case an 
accompanying heteroduplex band could be detected in marker heterozygotes and mixed 
template reactions. For DFR, there was no distinct band mobility shift, but the presence
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1 CHS F3H RAN CHI DFR ANS
Figure 15. Detection of intron length polymorphisms between YW and either DN1C 
(CHS, F3H) or FRA520 (RAN, CHI, DFR and ANS). For each target gene, the PCR 
templates were (left to right) YW, DN1C or FRA520, mixed template (YW plus either 
DN1C or FRA520). Heteroduplex bands, such as those seen (arrows) in all mixed 
template reactions, were useful indicators of marker heterozygosity for genotyping the 
mapping populations. Lanes 1 is a 123 bp ladder (Gibco-BRL).
75
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
of a diagnostic heteroduplex band in heterozygotes and mixed template reactions 
revealed the polymorphism (Figure 15). Based upon these polymorphisms, all of the 
candidate genes could be mapped as codominant molecular markers.
Initially, for CHS and F3H (intron II), a polymorphism was only detected between 
DN1C and YW; while for CHI, DFR, ANS and RAN, a polymorphism was only detected 
between YW and FRA520. Later (Chapter IE), new F3H polymorphisms were found via 
amplification of a different segment of the gene containing intron I, and these could be 
used to map F3H in the YW x FRA520 population.
To determine the molecular basis for the electrophoretic polymorphisms, the 
alleles were cloned from either DN1C or FRA520, as appropriate, and compared with the 
previously (Chapter I) determined sequences from YW. hi each case, alignment of the 
sequence between YW and the other allele showed an indel in the intron part of the 
cloned gene segment. The indels, described here as insertions or deletions in comparison 
to the YW sequence, were as follows: in CHS (Figure 16), a 30 bp deletion in DN1C 
(intron I); in CHI (Figure 17), a 16 bp deletion and a 32 bp insertion in FRA520 (intron 
E); in F3H (Figure 18), a 6 bp and an 8 bp insertion in DN1C (intron E); in DFR (Figure 
19), a 5 bp deletion as well as numerous base substitutions (sufficient to produce a 
detectable heteroduplex band) in FRA520 (intron I); in ANS (Figure 20), a 12 bp and a 26 
bp insertion in FRA520 (intron I); and in RAN (Figure 21), a 30 bp insertion in FRA520 
(intron I).
76
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1  t a t c c c g a c t a c t a c t t c c g t a t c a c c a a c  a  g  c  g  a  g  c  a  C a  c a s - m s e q















A G G C T G A G C T C A A G G A G A A A T T C C A G C G C A T G T G t A A G T A  










G T A T T A C C T A C T G A T C C A T A A T T T T C T T T C T T C T C C A T G T
G T A T T A C C T A C T G A T C C A T A A T T T T C T T T C T T C T C C A T G T
C H S -W .s e g
C H S - im C .s e q
CHS-YW .seg











C A A T T A A A A T T A T A A C T T G T T C A T T T T T G T G T T C G A  A T  T  Al  C H S -W .s e g  
C A A T T A A A A T T A T A l  -  -  -          C H S-D N lC .seq
170 180J_ 190 200
161 I t  A  T  A A  A  T  A G T C T A C A C T T T A A T C C T T T C T A T G C A T G A T T T  
135 -  -  -  - l A A T A G T C T A C A C T T T A A T C C T T T C T A T G C A T G A T T T
CHS-YW .seq













T A T T A T A T A A T G C T G A T G G C T A G A G G T G T G G T G T T G C A T T







T T C A G G T G A C A A A T C T A T G A T C A A G A A G C G T T A C A T G T A T  
T T C A G G T G A C A A .  A T C T A T G A T C A A G A A G C G T T A C A T G T  A T




300  _U- 310_J_
T T G A C T G A A G A A A T T C T C A A A G A G A A T C C T A G C A T G T G T G






A G T A C A T G G C A C C T T C A C T T G A T G C A A G A C A A G A C A T G G T  
A G  T A G  A T G G C A C C T T C A C T T G A T G C  A.A ..G  A  C A A G A C A T G G T
CHS-YW .seq


















__ I__ 380 390 400
G G T G G T A G A A A T T C C A A A G C T T G G A A A A G A G G C C G C T G T C
G G T 6 G T A G A A A T T C C A A A G C T T G G A A A A G A G G C C G C T G T C
—I—
410 42 0
A A G G C C A T T A A G G A A T G G G G C C A G C
A A  G ..G...C....C. A . T._T.A. A  G G A A T G G G G C C A G C
CHS-YW .seg
C H S -IK lC .seq
CHS-YW .seq
C H S-nSH C .seq
Figure 16. Alignment of CHS genomic DNA sequences from YW and DN1C.
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Figure 17. Alignment of CHI genomic DNA sequences from YW and FRA520.
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(Continued in next page)
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Figure 18. Alignment of F3H genomic DNA sequences from YW and DN1C.
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Figure 19. Alignment of DFR genomic DNA sequences from YW and FRA520.
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Figure 20. Alignment of ANS genomic DNA sequences from YW and FRA520.
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Figure 21. Alignment of RAN genomic DNA sequences from YW and FRA520.
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Mapping of Candidate Genes in Fi Populations
of DN1C x YW and YW x FRA520
Using intron length polymorphisms as markers, I assigned the six anthocyanin 
genes to linkage groups by mapping them in relation to the segregating RAPD and 
morphological markers (An example is shown in Figure 22; Segregation data and maps 
based on the raw data are presented in APPENDIX Cl - C4). The F3H and CHS genes 
were mapped in the DN1C x YW F2 population, and the CHI, DFR, ANS and RAN were 
mapped in the DN1C x YW F2 population (Figure 23). The F3H gene was located in 
linkage group I, where it co-segregated with the c locus. The remaining five anthocyanin 
genes segregated independently of the c locus. The CHS gene was linked with RAPD 
marker B102B, placing it in group EH. The CHI gene was linked with RAPD markers 
PO20C and B194B in linkage group VEL The DFR gene was linked with the r gene in 
linkage group IE ANS and RAN genes were closely linked to each other and to RAPD 
marker PZ04D in linkage group Y.
85
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 22. Segregation of F3H in F2 population of cross DN1C x YW. 
Lane 1 is a 123 bp DNA ladder (Gibco-BRL), with the lowest two bands 
cropped out of photos. Primer FC and FD were used to amplify F3H gene 
fragment using the template DNAs of 39 F2 plants of cross DN1C x YW 
(lanes 2 -  40). Arrow indicates the heteroduplex band, which is only 
present in heterozygous plants. Only one plant is shown to be DN1C 
homozygous type (lane 27).
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Figure 23. Map locations of anthocyanin genes. Only linkage groups containing 
anthocyanin genes (bold type) are shown. Map distances (cM) between anthocyanin 
genes and adjacent markers were calculated using segregation data from the crosses (a) 
DN1C x YW (linkage groups I and HI) and (b) YW x FRA520 (linkage groups II, V and 
VII). Marker dominant alleles from YW are shown on the right, and from the alternate 
parent (DN1C or FRA520) on the left, of each linkage group axis. Codominant markers 
(all anthocyanin genes, and RAPD markers B102DE and B102CC') are shown on the 
right. Map scale and scale bar are based on the original F. vesca map (Davis & Yu 1997).
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Mapping in Backcross Population of YW x Fi (YW x FRA520)
To further confirm the evident linkage relationship between F3H gene and the c 
locus, a backcross was made between YW and an Fi plant of YW x FRA520. With the 
availability of the F3H cDNA sequence, which was cloned and sequenced as described in 
Chapter IH, an intron length polymorphism was found in intron I of that gene. With 
specific primers, FS1 and FS2 (sequence shown in Chapter HI), the intron length 
polymorphism was genotyped in the backcross population of 40 plants. Fruit color trait 
was also observed in the field for these plants. Complete linkage between F3H gene and 
the c locus was found in this population. The data are shown in APPENDIX C5.
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Mapping of Internal Fruit Color Trait in Fi Population of YW x FRA364
To study the relationship between the internal fruit color trait and the F3H gene, 
using the primers FS1 and FS2 to detect a polymorphism in intron I, the F3H gene was 
mapped in the Fi population of YW x FRA364. The plant FRA364 is a hybrid of F. vesca 
(red external, white internal fruit color) and F. viridis (red external and internal fruit 
color). Therefore, given the hypothesis that the internal fruit color polymorphism was 
controlled by the c locus, half of the plants in the Fi population of the YW x FRA364 
cross were expected to have the internal red fruit color and F3H alleles derived from the 
F. viridis, while the other half were expected to have white internal fruit color and no F. 
viridis F3H allele. The data (shown in the APPENDIX C5) showed that there are only 
four recombinants between the F3H gene and the internal fruit color trait in the YW x 
FRA364 cross, and all of them are white internal fruit color. It is possible that these 
apparent recombinant plants were incorrectly phenotyped if the fruit were not mature at 
the time of observation.
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DISCUSSION
Marker Transfer Between Populations
To define the seven F. vesca linkage groups in the new mapping populations, it 
was necessary to determine the extent to which the markers on the original F. vesca map 
could be detected and mapped in the new populations. The three morphological markers 
could be detected and mapped in all three new populations. However, the extent to which 
the RAPD markers could be transferred to the new populations was inversely 
proportional to the “wideness” of the cross, as depicted in Table 11.
The largest number of markers were transferable to the YW x PAWT cross, which 
is not surprising because WC6 and PAWT are both representatives of the same 
subspecies, F. vesca ssp. americana (Table 1). An intermediate number of markers were 
transferable to the DN1C x YW population. DN1C is a different subspecies than WC6, 
but both belong to F. vesca. The fewest markers were transferable to the YW x FRA520 
cross, which is an interspecific cross because FRA520 belongs to F. nubicola. So, from 
the perspective of marker conservation between mapping populations, the YW x PAWT 
population was the most favorable, and the YW x FRA520 was the least favorable.
In contrast, the YW x FRA520 population was most favorable for detection of 
candidate gene polymorphisms. No electrophoretically detectable candidate gene 
polymorphisms were found in the YW x PAWT population, while two were found in 
DN1C x YW, and five were found in YW x FRA520. Thus, the use of more distantly 
related crossing parents favored the detection of intron length polymorphisms but
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Table 11. Conservation of RAPD markers from original population BS x WC6 in new 
mapping populations.
Original cross: Non-Alpine parent* Conserved RAPDs
BS x WC6 WC6: F. vesca ssp. americana
New crosses:
YW x PAWT PAWT: F. vesca ssp. americana 45
DN1C x YW DN1C: F. vesca ssp. bracteata 13
YW x FRA520 FRA520: F. nubicola 8
* BS and YW are both ‘Alpine’ forms of F. vesca ssp. vesca (Table 1).
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disfavored the transfer of RAPD markers. Both of these patterns are consistent with the 
expectation that the greatest genetic divergence was present in the widest cross -  the 
interspecific cross.
For each of the six candidate genes, a polymorphism that was directly detectable 
by agarose gel electrophoresis was found in at least one of the mapping populations. In 
each case, the electrophoretic polymorphism was associated with an indel within the 
respective intron. For the DFR gene, the electrophoretic polymorphism -  detectable only 
by heteroduplex analysis -  evidently resulted from the combined effects of a small (5 bp) 
indel and several single base mismatches. However, for the other five candidate genes, 
the electrophoretic mobility shifts were clearly attributable to indels within the introns. 
No indels, and only a few base substitutions, were observed in the amplified exon 
sequences flanking the targeted introns.
If I had failed to discover electrophoretically detectable polymorphisms in any of 
the candidate genes, it might still have been possible to use a PCR-based approach to 
detect polymorphisms needed for mapping. For instance, polymorphisms in PCR- 
amplified, intron-containing gene segments have been detected via restriction enzyme 
digestion of the PCR products, as in the so-called CAPS (Cleaved Amplified 
Polymorphic Sequences) markers developed in Arabidopsis (Konieczny and Ausubel 
1993). Alternately, the cloned candidate gene segments could have been used as probes 
for conventional RFLP detection and mapping.
The effectiveness of the approach I adopted depended in part upon the availability 
of mapping populations derived from wide crosses. If only the original BS x WC6 
population or the YW x PAWT had been available, direct electrophoretic detection of
92
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candidate gene polymorphisms would not have been achieved, and it would have been 
necessary to resort to one of the alternate marker approaches mentioned above.
The primary goal of this research was to determine the molecular identity of the c 
locus' conferring yellow/white fruit color. I discovered that the red/yellow fruit color 
polymorphism cosegregated with the F3H polymorphism in the DN1C x YW F2 
population, and in the YW x Fi (YW x FRA520) backcross population, and segregated 
independently of the other five candidate gene polymorphisms in the various F2 
populations. Thus, the c locus and the F3H gene are tightly linked (no recombination) in 
linkage group I, and may be identical. The results, which place the other five anthocyanin 
genes in linkage groups other than linkage group I, eliminate CHS, CHI, DFR, ANS and 
RAN as c gene candidates. Moreover, the six anthocyanin core pathway genes examined 
in this study were not clustered, but were widely distributed in the Fragaria genome.
Analysis of the linkage relationship between F3H and the red/white internal fruit 
color polymorphism in the YW x FRA364 population, in which minimal recombination 
was detected and may have been an artifact of phenotyping errors, also suggest identity 
between the F3H gene and the locus governing the internal fruit color polymorphism. 
Because the mapping results suggested the possibility of an important role for F3H in the 
determination of two forms of fruit color variation in strawberry, the remaining research 
effort was focused on characterizing the F3H gene, as described in Chapter M.
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CHAPTER ffl
ISOLATION AND CHARACTERIZATION OF
THE F3H  GENE IN FRAGARIA
The results reported in the previous chapters implicated F3H as the likely 
molecular identity of the c locus. Also, the development of markers for mapping of the 
F3H gene resulted in the cloning of a segment (containing intron II and flanking exon 
sequences) of this gene from F. vesca YW. The present chapter is concerned with 
isolation of the complete F3H gene coding sequence and its promoter, and with F3H 
sequence comparisons in wild type and fruit color variants. Different alleles of F3H gene 
were cloned and sequenced to detect possible mutation sites that could account for the 
yellow/white fruit color trait. The F3H gene copy number in F. vesca was also 
determined by Southern blot. The chapter begins with a literature review concerned with 
the techniques, 5' and 3' RACE and modified inverse PCR, used to obtain the nearly 
complete F3H genomic sequence in wild type and mutant strawberries.
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LITERATURE REVIEW
5f- and 3f- RACE Techniques
Although the technology of cDNA cloning has been steadily growing more 
powerful, the generation of full-length cDNA copies of mRNA transcripts is often 
challenging, particularly with respect to obtaining the 5' ends of messages. Rapid 
Amplification of cDNA Ends (RACE) is a procedure for PCR amplification of nucleic 
acid sequences between a defined internal site and unknown sequences at either the 3' or 
the 5' end of an mRNA template (Frohman et al. 1988). Loh et al. (1989) described the 
general methodology of amplification with single-sided specificity as “anchored” PCR.
3' RACE takes advantage of the natural poly(A) tail in mRNA as a generic 
priming site for PCR amplification. In this procedure, mRNAs are converted into cDNA 
using reverse transcriptase (RT) and an oligo-dT adapter primer. Specific cDNA is then 
directly amplified by PCR using a gene-specific primer (GSP) that anneals to a region of 
known exon sequences and an adapter primer that targets the poly(A) tail region. This 
permits the capture of the unknown 3' end mRNA sequence that lies between the known 
exon and the poly(A) tail.
5' RACE is a technique that facilitates the isolation and characterization of 5' ends 
from low copy messages (Frohman 1993). Although the precise protocol varies among 
different users, the general strategy remains consistent (Gibco-BRL Instruction Manual). 
First strand cDNA synthesis is primed using a gene-specific antisense oligonucleotide 
(GSP1). This permits cDNA conversion of specific mRNA, or related families of
95
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mRNAs, and maximizes the potential for complete extension to the 5' end of the 
message. Following cDNA synthesis, the first strand product is purified from 
unincorporated dNTPs and the GSP1 primer. Terminal deoxynucleotidyl transferase 
(TdT) is used to add homopolymeric tails to the 3' ends of the cDNA.
In the original protocol (Gibco-BRL Instruction Manual), tailed cDNA is then 
amplified by PCR using a mixture of three primers: a nested gene-specific primer 
(GSP2), which anneals 3' to GSP1; and a combination of a complementary 
homopolymer-containing anchor primer and corresponding adapter primer which permit 
amplification from the homopolymeric tail. This allows amplification of unknown 
sequences between the GSP2 and the 5' end of the mRNA. In the present study, the GSP1 
primer was replaced by an oligo-dT adaptor primer to synthesize cDNA from total 
mRNA, so the amplifications of 3' RACE and 5' RACE could be done in the same 
procedure (Figure 24).
Promoter Cloning
A conventional approach of promoter cloning is to construct a genomic library 
and screen the library with probe made from cDNA or cloned exon sequence. However, a 
strawberry genomic library was not available for use in the present study. As a 
convenient alternative, an anchored PCR approach was used. This method of anchored, 
or “inverse”, PCR was based on the amplification of a region flanking a known genomic 
DNA sequence in a restriction fragment. The method is derived from that of Siebert et al. 
(1995) and modified from that of Spertini et al. (1999) who used it for screening of
96




J  GG.. .  GG ■
RC1
5‘ c m i c c . . . c c i j )  
3' GG.. .  GG —
Firet strand cDNA synthesis
—  AA. . . A A 3 ‘ 
^ T T . . . T T H  
RT1
A A .. .  AA 3'
■ ^ T T . . . T T M 5 '
Degrade ENA
Pmify and tail cDNA with dGTP
Second strand cDNA synthesis
RC2
'= >
S '  IZZZ1CC.. .  CC ■ 
3' GG. . .  GG >









Figure 24. Diagram of 5'-RACE and 3 -RACE. The detailed procedure is described in 
the literature review. RT1 and RC1 are primers to initiate first or second cDNA strand 
synthesis. RT2 and RC2 are primers with the same sequences as the 5' end of RT1 or 
RC1. FF1 and EF2 are nested forward primers for 3'-RACE. FR1 and FR2 are nested 
backward primers for 5'-RACE.
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transgenic plants by amplification of unknown genomic DNA flanking T-DNA. It 
combines the ligation of adaptors to the restriction fragments obtained from genomic 
DNA, followed by two successive PCR amplifications. Amplification using primers 
complementary to the adaptor can lead to undesirable background of nonspecific 
amplifications. Siebert et al. (1995) have developed so-called suppression PCR to reduce 
nonspecific amplification among the general population of DNA by using a special 
adaptor, a technique improved by using particular cycling parameters (touchdown PCR) 
(Hecher and Roux 1996). Spertini et al. (1999) designed an adaptor with a shorter upper- 
strand oligonucleotide and a lower-strand oligonucleotide without any 3'-end chemical 
modification; moreover, the adaptor was designed with a staggered end (instead of a 
blunt end) complementary to genomic DNA fragments restricted with endonuclease Taql. 
Although there is a mistake in the Spertini et al. (1999) paper about the adaptor sequence, 
the method is very useful and convenient for walking in un-cloned DNA from the cloned 
DNA fragment, especially when no other information is available about the unknown 
DNA sequence. In this study, the technique was modified to clone the promoter sequence 
of the F3H gene upstream of the F3H cDNA sequence (Figure 25).
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Figure 25. Diagram of F3H gene promoter cloning. A shows adaptor for inverse PCR, B shows inverse PCR diagram. 
PCR1 and PCR2 are PCR product using nested primer pairs AP1/RP1 and AP2/RP2 respectively. The detailed 
procedure is described in the literature review.
MATERIAL AND METHODS
Plant Materials
Total mRNA was isolated from fruit of Fragaria x ananassa (Duch.) breeding 
line CC2. This line was used because it provided a convenient source of abundant, firm 
fruit tissue for mRNA isolation. Genomic DNA was isolated from F. vesca varieties YW, 
DN1C, and PAWT, and from F. viridis accession FRA341, for use in comparative 
sequencing of the F3H gene. All these plants were maintained in the greenhouse of the 
Plant Biology Department at University of New Hampshire.
mRNA Isolation
Total RNA was isolated from red fruit tissue using Trizol® reagent (Life 
Technologies, inc). Fresh red strawberry fruit from breeding line CC2 were collected and 
stored in the refrigerator or on ice until used within 24 hours. Details of the protocol are 
provided in Appendix A2.
mRNA was isolated from total RNA using Oligo(dT) Cellulose Columns (Life 
Technologies, Inc.) according to manufacturers instructions, with modifications as 
described in detail in Appendix A3.
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5’-RACE and 3’-RACE
The primers used in 3' RACE and 5' RACE are listed in Table 12. The following
were added to a 0.5 ml microcentrifuge tube:
Component_________ Amount
RT1 primer..................................................   2.5 pmoles (-10 to 25 ng)
mRNA...................................................................   0.2 pg
DEPC-treated water ' .................  to a final volume of 15.5 pi
The mixture was incubated for 10 min at 70°C to denature RNA, then chilled for
1 min on ice. The contents of the tube were collected by brief centrifugation at 13000g
and added the following in the order given:
Component Volume (pi)
lOx PCR buffer......................................................................................  2.5
25 mM MgC12......................................................................................... 2.5
10mMdNTPmix  .............   1
0 .1M D TT   .........................................................................  2;5
Final volume..................................................   24 pi
The reaction was mixed gently, and collected by brief centrifugation. It was 
incubated for 1 min at 42°C and 1 pi of SuperScriptTM II RT was added, then mixed 
gently and incubated for 50 min at 42°C. The final composition of the reaction was: 20 
mM Tris-HCl (pH 8.4), 50 mM KC1, 2.5 mM MgC12, 10 mM DTT, 100 nM cDNA 
primer (RT1), 400 pM each dATP, dCTP, dGTP, dTTP, 0.2 pg mRNA, and 200 units 
SuperScriptTM II RT. It was incubated at 70°C for 15 min to terminate the reaction. The 
reaction was centrifuged for 10 to 20 sec and placed at 37°C. Then 1 pi of RNase mix 
was added, mixed gently but thoroughly, and incubated for 30 min at 37°C to remove 
mRNA template. The reaction was collected by brief centrifugation and placed on ice.
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First strand cDNA was purified using the GlassMAX DNA Isolation Spin 
Cartridge Purification System (Life Technologies, Inc.) according to manufacturer’s 
instructions as described in Appendix A4.
Purified cDNA was used in the TdT(Terminal Deoxynucleotidyl Transferase)- 
tailing reaction. The following components was added to each tube and mixed gently:
Component________________________________________ Volume (pi)
DEPC-treated water................   6.5
5x tailing buffer  .............................   5.0
2 mMdGTP  .......    2.5
GlassMAX purified cDNA  ....................  10.0
Final volume  ..................................................................................24.0
The mixture was incubated for 2 to 3 min at 94°C and chilled for 1 min on ice. 
The contents of the tube were collected by brief centrifugation and placed on ice. Then 1 
pi of TdT was added, mixed gently, and incubated for 10 min at 37°C. The final 
compositon of the reaction was: 10 mM Tris-HCl (pH 8.4), 25 mM KC1,1.5 mM MgCL, 
200 pM dGTP, cDNA, and TdT. The TdT was heat inactivated for 10 min at 65°C. The 
content of the reaction was collected by brief centrifugation and placed on ice. Now the 
cDNA was ready for 3' RACE and 5' RACE.
For 3' RACE, FF1 and RT1 primers were added to do first round PCR, then 1/50 
of PCR product was used as template, with FF2 and RT2 primers, to do second round 
PCR. For 5' RACE, FR1 and RC1 primers were added to do first round PCR, then 1/50 of 
PCR product was used as template, with FR2 and RC2 primers, to do second round PCR.
The product of nested PCR was electrophoresis on 2% agarose gel and expected 
band was excised, cloned and sequenced as described in Chapter I.
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Southern Blot
Genomic DNA was isolated as described in Chapter I. About 10 pg of genomic 
DNA, digested with either Xbal, EcoRl or HindM overnight, was separated by 
electrophoresis on 1% Agarose gel and then transferred to a Millipore nylon membrane 
according to the manufacturer’s instructions. The DNA probe was biotin-labeled using 
Chemiluminescent Kits (Millipore Corp.). Hybridization and detection were performed 
with PolarPlex kits (Millipore Corp.) according to manufacturer’s instructions.
DNA Isolation and Digestion for Inverse PCR
Isolation of genomic DNA from PAWT was performed as before (APPENDIX 
Al). For PCR amplifications, 1 pg of genomic DNA was digested for 2 h at 65°C with 20 
U of Taql (Amersham Pharmacia Biotech.) in a 50-pl final reaction volume of lx One- 
Phor-AU™ buffer (Amersham Pharmacia Biotech.) under mineral oil. One-fifth of the 
reaction mixture was analyzed by agarose gel electrophoresis.
Inverse PCR
The inverse PCR adaptor was prepared by annealing the following 
complementary oligonucleotides (See Figure 25-A):
upper strand, 5 '-CTAATACGACTCACTATAGGGCTCGAGCGGCCGGGCAGGT-3 
lower strand, 5'-CGACCTGCCCAA-3'.
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The adaptor annealing reaction was performed in lx One-Phor-All buffer with a 
final concentration of 50 pM for each oligonucleotide. The reaction mixture was heated 
at 80°C for 2 min, then cooled down to 22°C over a period of 45 min. Ligation of the 
adaptor to the restricted genomic DNA was performed in lx One-Phor-All buffer in a 
final volume of 25 pL with 10 pi of the restriction reaction and 0.08TJ of T4 DNA Ligase 
as directed by the manufacturer (Amersham Pharmacia Biotech.).
For amplification of F3H gene promoter, the primary PCR was conducted in a 50 
p.1 volume, contained 5 pi of the ligation reaction, 0.25 pM adaptor primer API (Table 
12), 0.25 pM F31?-specific primer RP1 (Table 10) and 2 U of Taq DNA polymerase. 
Primer RP1 was homologous to the region located between +10 and +18 from the first 
codon of F3H gene (Figure 26). A “hot start” PCR was done by addition of Taq DNA 
polymerase after a first heating step at 94°C for 2 min. Two-step cycling conditions were 
used. The denaturing step at 94°C for 25 sec was followed by an annealing/extension 
step. The first seven cycles were done with an annealing/extension temperature of 72°C 
for 3 min, and the annealing/extension temperature for the 32 additional cycles was 65°C 
for 3 min. PCR was terminated with a 7 min extension step at 65°C. Secondary PCR was 
conducted with 1 pi of a 50 fold dilution of the primary PCR using adaptor primer AP2 
(Table 12) and the nested F3H specific primer RP2. The same PCR reagent mixture was 
used. The first five cycles were done with an annealing/extension temperature of 67°C for 
3 min, and the annealing/extension temperature for the 22 addition cycles was 60°C for 3 
min. A final extension step was also added for 7 min at 60°C. PCR product was cloned 
and sequenced as before.
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RESULTS
F3H gene cioning
Using 5' and 3' RACE techniques, the 5' and 3' ends of an F3H cDNA were 
isolated and cloned from fruit-derived mRNA of F. x ananassa. The cloned 5' and 3' 
cDNA fragments were 859bp and 500 bp long, respectively, and overlapped by 104 bases 
to cover a total of 1245 bases of the F3H cDNA, including the apparent start and stop 
codons (Figure 26). The start and stop codon sites were deduced by comparison with 
F3H genes from other species, as described in a later section. The cDNA sequence 
included 12 bp upstream of the start codon and 138 bp downstream of the stop codon, 
ending with a polyA tail (Figure 27). The cloned cDNA encodes a predicted 364 amino 
acid polypeptide. This result constitutes the first report of a full-length cDNA sequence of 
a strawberry F3H gene.
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Figure 26. Primer locations used for cloning, sequencing and mapping F3H genes. The primers are presented in Table 5, 9 and 12 
respectively. The fragments with shadow are introns in F3H gene, and the fragments filled with black are indels between different 
strawberry varieties, which were used to map F3H gene.
Table 12. Common primers used in RACE and inverse PCR, and strawberry specific 
primers used to isolate F3H cDNA and promoter, to sequence F3H gene, and/or to map 
F3H gene in YW x FI (YW x FRA520) population and YW x FRA364 population.
P rim er S e q u e n c e
P u rp o se
R T l GC GAA TTC GTC GAC AAG CTT TTT
TTT TTT TTT TTT
3’-RACE
RT2 GC GAA TTC GTC GAC AAG C 3’-RACE
RC1 GC GAA TTC GCG GCC GCG GAT CCC 
CCC CCC CCC
5’-RACE
RC2 GC GAA TTC GCG GCC GCG GAT 5’-RACE
PP1 GTG GAA GGA GCT TTC GTG G 3’-RACE
FP2 GGA GCT TTC GTG GTG AAT C 3’-RACE
FR1 GCC TGG TGA TCA GCA TTC 5’-RACE
FR2 ATC AGC ATT CTT GAA CCT C 5’-RACE
FS1 ATG GCC CCT ACT CCT ACT ACT CTG Gene Cloning, Mapping
FS2 GTC ACA ATC TCG CGC CAA TCC T Sequencing, Mapping
FS4 AAC GTT TTA TTT TTG ACC TAT TC Gene Cloning
FSF AGC GTT TTG TTA CTA AGA TGT GAA Sequencing
FSR GTG TCC CCA TCT TGC TTA TTT Sequencing
A PI GGA TCC TAA TAC GAC TCA CTA TAG 
GGC
Promoter Cloning
AP2 TAT AGG GCT CGA GCG GC Promoter Cloning
RP1 CGC GGA CGA AGC TCT GTT GG Promoter Cloning
RP2 TGG CGG TCA GAG TAG TAG GAG TAG Promoter Cloning
107
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 10  20  30  4 0  50
gcatatatcagaATGGCCCCTACTCCTACTACTCTGACCGCCATAGCGGGGGAG 54
M A P T  P T T L T  A I  A G  E 14
AAGACCCTCCAACAGAGCTTCGTCCGCGACGAAGATGAGCGCCCTAAGGTGGCC 1 08  
K T L Q Q S F V R D E D E R P K V A  32
TACAACCAATTCAGCAATGATATTCCGATCATTTCCCTCTCCGGCATCGAAGAG 1 62  
Y N Q F S N D I P I I S L S G I E E  50
GTCGAAGGCCGCCGCGCTGAGATTTGCAAGAAGATTGTTGAGGCCTGCGAGGAC 2 1 6  
V E G R R A E  I C K K I V E A C E D  68
TGGGGCGTTTTCCAGATTGTTGATCACGGCATcGACCCCAAGCTCATCTCAGAA 2 7 0  
W G V F Q  I V  D H G  I D P K L  I  S E  86
ATGACTCGTCTCGCCAGAGAGTTCTTCGCTTTGCCGCCGGAGGAAAAGCTCCGT 324  
M T R L A R E F F A L P P E E K L R  104
Intron I -l
TTCGACATGTCCGGTGGCAAAAAGGGTGGCTTCATCGTTTCCAGCCATTTGCAG 3 7 8  
F D M S G G K K G G F I  V S S H L Q  1 22
GGAGAGGCAGTGCAGGATTGGCGCGAGATTGTGACCTACTTCTCATACCCGGTG 4 3 2  
G E A . V Q D W R E I V T Y F S Y P V  1 4 0
CGCCACCGTGACTACTCGAGGTGGCCGGACAAGCCGGAGGGGTGGAGAGATGTG 4 8 6  
R H R D Y  S R W P D K P E  G W  R D V  1 5 8
ACAAAGCAGTACAGTGACGAGCTGATGAGCTTGGCATGCAAGCTATTGGAGGTT 5 40  
T K Q Y  S D E L M S L A C  K L L E V 1 76
TTATCAGAGGCCATGGGTTTAGAGAAGGAGGC ATTGACAAAGGC ATGTGTGGAC 5 9 4  
L S E A M G L E K E A L T K A C V D  1 9 4
ATGGACCAAAAGGTTGTGGTTAATTTCTACCCGAAATGCCCCCAGCCGGACCTC 648  
M D Q K V V V N F Y P K C  P Q P D L  2 1 2
ACTCTCGGACTCAAACGCCACACGGATCCAGGTACCATCACCCTTTTGCTGCAG 7 0 2  
T L G L K R H T D P G  T I T L L L Q  2 3 0
GACCAAGTCGGTGGACTTCAGGCCACCAAGGACGGCGGAAAGACGTGGATCACC 7 5 6  
D Q V G G L Q A T K D G G K T W I  T 2 4 8
Intron I I I
GTTCAACCTGTGGAAGGAGCTTTCGTGGTAAACCTTGGAGACCATGGACATTTT 8 1 0  
V Q P V E G A F V V N L G D H G H F  2 6 6
(continued in next page)
108
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1  10  2 0  30  4 0  50
CTGAGCAATGGGAGGTTCAAGAATGCTGATCACCAGGCGGTGGTGAACTCAAAC 8 64  
L S N G R F K N A D  H Q A V V N S N 2 8 4
CACAGCAGGTTGTCCATAGCCACATTCCAGAACCCAGCTCAGGAGGCGATAGTG 918  
H S R L  S I  A T F  Q N P A Q E A I V  302
TACCCACTGAAGGTCAGAGAAGGAGAAAAACCAATTCTGGAGGAGCCGATGACT 972  
Y P L K V R E G E K P I L E E P M T  320
TACACTGAGATGTAC AAGAAGAAGATGAGTAAGGACCTTGAGCTGGCCAGGCTA 1 0 2 6  
Y T E M Y K  . K K M S K D L E L A . R L  3 3 8
AAGAAGCATGCAAAGGAGCAACTGCAGGATTCAGAGAAAGCCAAACTTGAGGCC 1 0 8 0  
K K H A K E Q L Q D S E K A K L E A  3 5 6
A A G C C A G T G G A T G A T A T A T T T G C T T A A gtgcgcgttatgtgctatcttaatttg  1 1 3 4  
K P  V D D I F A  3 6 4
t t a t t t a t g a c t a g c t a g t g t g a t c g a g t g a g t a c c t t t a t g c a t g t t t g g t t a  1 1 8 8
t g g a a t g a a a t g a a t a g g t c a a a a a t a a a a c g t t t a t g t t a a a a a a a a a a a a a a  1 2 4 2
a a a  1 2 4 5
Figure 27. F3H cDNA sequence and predicted amino acid sequence from Fragaria x 
ananassa CC2. Locations of introns I and II are indicated by arrows. The sequence in 
upper case is F3H protein coding sequence. The indicates the stop codon of F3H 
protein.
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F3H Promoter Cloning
Using inverse PCR, a promoter fragment upstream of the F3H coding sequence 
was amplified (Figure 28) and cloned from genomic DNA of F. vesca var. PAWT. The 
cloned fragment contained sequence from the -571 position to the start codon (zero 
position) of F3H, and included recognizable promoter sequence motifs, such as a TATA 
box with flanking GC-jich sequence (Figure 29).
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Figure 28. PCR product of F3H promoter cloning. Lane 1 is a 123 bp 
DNA ladder, with the lowest two bands cropped out of photo. Lane 5 is 
the primary PCR product and lane 4 is the secondary PCR product to 
clone F3H promoter in CC2. Lane 2 and 3 are reamplification using 1/10 
and 1/50 of PCR product secondary PCR products as template, 
respectively. Arrow indicated the target band.
Ill
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1 10 20 30 40 50
- 5 7 1
TATAGGGCTC GAGCGGCCGG GCAGGTCGAG CATCGGTGAG GACGCGAGGT 
TGTCGGTCTT ATTGAAATAT TTATTTAGTT TTTTTTTTGT TATGTCTAAA 
GTGTTTTATG AATTAAACAA ACATTAGAGT GGTAAAGGCC CACTACGTCC 
TTTACGACTA GATTTATCTT TATTTTCAAT CTATAAATTT CTCTAACACC 
GTAAAAAAAA TTTCCTACTA AAAATTAAAG TCTGACCCGA TTGCGATTTC 
TGAATCCGCC CTGCTAGCTA CATGGTTTCA GGTAAATCCA TTAATCCAAT 
GTCCGGTCCA TAGAATGCCA AATATTCTAG AAGCCGAAGA TAGGGGGGTT 
TGGTATAGCT TGAGGCCAGT CTGTGATGAC TCTCAAAGAA GAGGAGCTCA
CTCACGAGCT CGGAGGTAGT TGTAGCTGCC AAGTGCCAAC CTCTTTTTAA
- 1 3 1
CGCCATTCAA TCCCCCAATA TATACCACCC CTTCACCCCA CACCAAAACT
CATCTTCTTC TTCCTCTCAT CTTTCACTTT TTTCTCCACC AAACCCAAAC
-1
TCAACATTAA AAATTCTCAG GCAGATCGCT AGAGAGCATA TATCAGAATG
M
GCCCCTACTC CTACTACTCT GACCGCCA 
A P T  P T T  L T A
Figure 29. F3H promoter sequence in F. vesca PAWT. The sequence in bold is promoter 
and 5' UTR sequence. The sequence with underline at location of -571 upstream from 
start codon is the TaqI site for ligation of the adaptor and genomic DNA fragment. The 
sequence with underline at location of -131 upstream from start codon is presumed 
TATA box. The two other sequences with underline are the primers for the secondary 
inverse PCR.
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Genomic sequence analysis of F3H  gene in strawberry
Based on the cloned F. x ananassa F3H cDNA sequence, new primers were 
designed and used to clone and sequence the genomic DNA of the F3H gene from F. 
vesca YW and DN1C. The resulting sequences were then compared to search for 
polymorphisms distinguishing the F3H genes of YW and DN1C.
Comparison of DNA sequence in intron I of the F3H gene revealed three base 
substitutions and an 18 bp indel that distinguished YW and DN1C (Figure 30). The indel 
was of sufficient size to produce a clear shift in electrophoretic band mobility of F3H 
PCR products in YW as compared with DN1C, FRA520, BS, WC6 and PAWT (results 
not shown). This result suggested that the indel was due to a deletion in YW (rather than 
an insertion in all of the other individuals). Because this indel distinguished YW from all 
of the other crossing parents used in this study, it provided a basis for mapping the F3H 
gene in all of the mapping populations that involved YW as one of the parents. In 
contrast, the indel initially identified in F3H intron II (Chapter H) only distinguished YW 
from DN1C. As reported in Chapter II, the F3H intron I polymorphism provided a basis 
for additional confirmation of the tight linkage between F3H gene and c locus, and was 
used to establish the linkage relationship between F3H gene and internal fruit color trait.
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(Continued in next page)
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Figure 30. Alignment of F3H intron IDNA sequences from YW and DN1C.
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Alignment of predicted amino acid sequences from the coding region of the F3H 
gene in YW, DN1C and CC2 revealed only one amino acid substitution that distinguished 
YW from the other two (Figure 31). This was a replacement of a K (basic amino acid) 
with a T (polar amino acid) at position 306. The other sequence differences among these 
three species were a S-to-G substitution at position 168 and a K-to-R substitution at 
position 240 in CC2 relative to the other two.
To assess the possible significance of the K—>T substitution in YW, the 
strawberry F3H sequences were aligned with F3H sequences from seven other species 
(APPENDIX D). A high degree of conservation of F3H protein sequence was found, 
especially between strawberry and apple (both are members of the Rosaceae). Five of the 
seven comparator species had a K at the position of the K—>T substitution in YW, while 
apple had an S and maize had an A (APPENDIX D).
Subsequently, sequence obtained by a member of Dr. Davis’ lab (L. DiMeglio, 
unpublished) showed that five other available yellow-fruited F. vesca mutants, FRA100, 
FRA197, FRA473, FRA510, WC69 all share the same K—>T substitution as seen in YW. 
Although the ancestries of these yellow-fruited mutants are not clear, and all may 
conceivably share common ancestry with YW. This commonality of the K—>T 
substitution in yellow/white-fruited mutants is consistent with the hypothesis that this 
amino acid substitution is the cause of the mutant trait.
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Figure 31. Alignment of predicted F3H protein sequences from CC2, DN1C and YW.
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Strawberry specific primers were then designed and used-to clone different alleles 
of the F3H promoter and 5' untranslated region from several strawberry species, 
including F. vesca DN1C and YW, and F. viridis FRA341. Alignment among these 
sequences (Figure 32) revealed only minor variation in the region 330 bp upstream to the 
start codon, except there is a 7 bp and a 3 bp deletion in FRA341 relative to the others. 
But upstream of the 330 bp point, the sequences are very different between PAWT and 
YW, and between PAWT and FRA341, while almost the same between PAWT and 
DN1C. The extreme variation among these sequences in this upstream region made it 
hard to determined what happened in those sequences and which sequence differences 
might have had relevance to the fruit color polymorphisms.
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PAW T/prcnoter. s e q  
IK L C /p ratD ter. s e q  
F341 /p r o m o te r . s e q  
Y W /pranoter. s e q






567 A G A A T G G C c  c c T A C T c c T A C T A C T c T G A C c G C c A
564 A G A A T G G C c  c c T A C T c c T A C T A C T c T G A c c G c c A
1023 A G A A T G G C c  c c T A C T c c T A C T A c T C T G A c c G c c A
542 A G A A •p G G C c  c c T A C T c c T A C T A c T c T G A c n G c c A
Majority
PAW T/pranoter. s e q  
□ N lC /p r a n o te r . s e q  
F 3 4 1 /p r tn r» te r . s e q  
Y W /pranoter. s e q
Figure 32. Alignment of F3H promoter sequences from PAWT, DN1C, FRA341 and 
YW.
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Southern blot
To determine the F3H gene copy number in diploid strawberry, a Southern blot of 
DN1C and YW digested with EcoRl, Xbal or Hindis, was probed using the F3H gene 
fragment from exon I. The single hybridizing band resulting from digestion by Xbal, 
EcoKL and HindM in DN1C were about 2.2 kb, 3 kb and 3.2 kb respectively (Figure 33). 
A poor signal was obtained in the lanes of YW DNA (not shown). The result indicated 
that there is only one copy of the F3H gene in the DN1C genome.
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Figure 33. Southern blot of F3H gene. Lane 1 is a TJHindlII DNA marker. DN1C 
genomic DNA digested by Xbal (lane 2), EcoRl (lane 3) and HindUl (lane 4) were 
probed with cloned F3H gene fragment, and a single hybridization band were shown of 
2.2 kb, 3 kb and 3.2 kb respectively.
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DISCUSSION
The research described in this chapter resulted in several significant 
accomplishments. First, cDNA and genomic sequences were obtained for the strawberry 
F3H gene that encompassed the entire transcribed region and several hundred bp of 
promotor. This constitutes the first sequence of the F3H gene in strawberry. Second, 
sequence comparison between YW and other strawberry species revealed an indel in 
intron I that provided an electrophoreticaly detectable polymorphism useful for mapping 
of F3H in relation to fruit color in several mapping populations. Southern analysis 
provided evidence that the F3H gene is present as a single copy in F. vesca. Finally, and 
most importantly, sequence comparisons involving several strawberry species and seven 
other species of dicots and monocots provided a basis for identifying sequence variations 
that might account for two fruit color variations in strawberry, including the red versus 
yellow/white fruit color trait in F. vesca, and the internal red versus white color character 
distinguishing F. viridis from the common F. vesca form.
If the F3H gene is, in fact, identical to the c gene -  a conclusion supported but not 
proven by the research reported in this thesis -  then the yellow fruit trait in YW must 
result from a sequence variation in the YW F3H gene. The comparative DNA and 
predicted protein sequence alignments indicate two possible explanations for the mutant 
phenotype. The first is that the K—>T amino acid substitution at position of 306 in YW 
may alter or abolish the function of the F3H enzyme. The second is that the expression 
(transcription) of the F3H gene in YW may be altered or abolished by mutations in the 
promoter sequence of this gene.
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It is well known that a single amino acid substitution can abolish the function of 
an enzyme. Alternately, an amino acid substitution can be silent, having no effect at all 
on protein function. The effect of amino acid substitution depends upon the nature and 
the site of the substitution. An amino acid substitution at the enzyme active site would 
likely have an effect on enzyme function. However, the active site of the F3H enzyme is 
not as yet known. It does seem reasonable that a K—>T substitution could have an effect, 
because a basic amino acid is replaced by a polar amino acid. The comparative sequence 
data showed that, although most comparator species had a K at the corresponding site, 
apple had an S and maize had an A. However, it is not known for certain that the 
GenBank sequences are accurate or that the sequenced apple and maize F3H genes were 
in fact functional, so these comparisons may be misleading and should be interpreted 
cautiously.
One way of testing the effect of the K—>T substitution in the F3H gene would be 
to express constructs of the two F3H forms in E. coli, then extract and purify the different 
enzyme forms and test their activities in vitro. A literature search did not discover any 
reference to an in vitro assay for F3H activity, so this approach was not readily available 
in the present investigation.
The considerable variation in the F3H promoter region draws attention to this 
region as a site of potential mutational inactivation of the F3H gene in YW. However, 
because the promoter sequences of YW and DN1C are so different upstream of the -330 
point, it is impossible to identify a specific candidate for a mutation site. One way to 
solve this problem would be to get more and longer promoter sequences from other 
strawberry species for comparison. By getting sequence further upstream, it might be
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possible to define the full extent of the promoter variation. However, one problem with 
this approach is that the sequence difference in YW may be due to a large insertion or 
deletion, and it may be necessary to get several kb or more of sequence in YW and DN1C 
to adequately define the upstream sequence differences between these two species.
An alternative way to determine that a mutation occurs in promoter sequence of 
one species is to assess the expression of the F3H gene at the level of mRNA or protein. 
On the mRNA level, a Northem-blot would determine whether the F3H gene promoter is 
functional. The problem for Northem-blot is that mRNA level is not necessarily 
predictive of the level of F3H enzyme expression, which could conceivably remain at a 
normal level even if the gene transcription rate was reduced. Westem-blot with antiserum 
to F3H protein, which could be obtained by expression of F3H gene in E. coli., would be 
useful because it would directly answer the question of whether the F3H enzyme exists at 
all, or at a reduced level, in the fruit of YW. If the F3H enzyme could not be detected 
immunologically in YW, it would indicate that a mutation in F3H promoter, rather than 
the K—>T amino acid substitution, had abolished F3H gene expression.
The internal fruit color polymorphism may also be due to a mutation in the F3H 
gene, but a different mutation than that conferring yellow/white fruit color. For the 
internal fruit color trait, the trait-determining site more likely occurs in the promoter 
sequence of the F3H gene, because the trait involves an altered expression pattern of 
anthocyanin in different parts of the strawberry fruit, rather than a total loss of 
anthocyanin pigmentation.
Ultimately, definitive confirmation of the apparent identity between the F3H gene 
and the c locus could be obtained by complementing a yellow/white fruit color mutant
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such as YW via introduction of a functional F3H gene through genetic transformation. If 
the hypothesis of identity between the F3H gene and the c locus is correct, transformation 
of YW with a wild type F3H gene (including native promoter) from F. vesca should 
restore normal F. vesca fruit color (red external, white internal, fruit color). If the 
hypothesis of identity between the F3H gene and the internal fruit color locus is correct, 
transformation of YW with a wild type F. viridis F3H gene (including native promoter) 
should confer red internal, as well as external, fruit color. An agrobacterium-mediated 
transformation system has been developed for F. vesca (Haymes and Davis 1998), so 
experiments such as these could form the basis for a future investigation.
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CONCLUSION
The primary objective of this research was to determine the molecular identity of 
the yellow/white fruit color (c) locus in F. vesca, and to identify allelic variants of this 
locus. Another objective of this research was to explore the relationship between the c 
locus and the internal fruit color polymorphism.
Based on the hypothesis that the c locus encoded an enzyme or regulatory protein 
of the anthocyanin biosynthetic pathway, this investigation employed a map-based, 
candidate gene approach. The six candidate genes were chalcone synthase (CHS), 
chalcone isomerase (CHI), flavanone 3-hydroxylase (F3H), dihydroflavonol 4-reductase 
(DFR), anthocyanindin synthase (ANS), and one Del-like regulatory gene (RAN) in the 
anthocyanin biosynthetic pathway.
Using PCR with degenerate primer pairs, intron-containing segments of these 
candidate genes were amplified, cloned and sequenced. Intron length polymorphisms for 
each of these genes were detected among three diploid varieties: F. vesca Alpine variety 
‘Yellow Wonder’ (YW) (Europe); DNIC, an F. vesca clone collected from Northern 
California; and F. nubicola FRA520, a U.S.D.A. accession collected in Pakistan. Using 
F2 generations of the crosses DNIC x YW and YW x FRA520 as mapping populations, 
the six candidate genes were mapped in relation to previously mapped randomly 
amplified polymorphic DNA (RAPD) markers and morphological markers. The F3H 
gene was linked without recombination to the c locus in linkage group I, while the other 
five candidate genes mapped to different linkage groups. These results suggest that the
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wild type allele (C) of the c (yellow fruit color) locus encodes an F3H necessary for red
fruit in F. vesca.
Further study and characterization of the F3H gene in strawberry was carried out. 
Using 5'-RACE and 3'-RACE technologies, two overlapping F3H cDNAs which 
representing the complete F3H cDNA sequence were isolated and cloned from the fruit 
of commercial strawberry, Fragaria x ananassa CC2, an octoploid species provided by 
U.S.D.A. Based on the F3H cDNA sequence, new strawberry specific primers were 
designed to clone and sequence the full-length F3H gene in YW and DNIC genomes. 
Additionally, promoter sequence of the F3H gene was also cloned and sequenced from 
YW, DNIC and FRA364, using a modified inverse PCR technique. The alignments of 
these sequences found two possible mutation sites, one a base substitution resulting in a 
K—»T amino acid substitution, and the other in the promoter region. These results are 
consistent with the hypothesis of identity between the c locus and the F3H gene, but 
further studies are needed to confirm this hypothesis.
An intron polymorphism in intron I of the F3H gene was detected between YW 
and other red-fruited species, and was used to map the F3H gene in new populations: Fi 
population of cross YW x Fj (YW x FRA520) and F2 population of cross YW x FRA364. 
Based on F2 population of the interspecific cross YW x FRA364, a red versus white 
internal fruit color polymorphism also mapped to the locus of the F3H gene, as well as c 
locus. This result further implicates the F3H gene as a potentially important contributor 
to fruit color variation in strawberry.
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Al. Genomic DNA Isolation
Tissue samples were collected and stored in a labeled, standard 1.5 ml microfuge 
tube in refrigerator or on ice until used. One or two unexpanded strawberry leaves (ca. 
0.1 g fresh weight) were ground to a fine powder in liquid nitrogen using a mortar and 
pestle. The resulting powder was immediately mixed with 2% 
Hexadecyltrimethyammonium bromide (CTAB, Sigma Chemical Co., MO) buffer (100 
mM Tris-HCl, pH 8.0; 20 mM Na-EDTA; 1.4 M NaCl; 2% CTAB; and 0.4% |3- 
mercaptoethanol, added just before use) in the mortar, then transferred to a 1.5 ml 
microfuge tube. The tubes were inserted in Styrofoam floats and placed in 60°C water 
bath and incubated for 1 hour. Then they were removed from water bath and allowed to 
cool down to room temperature (about 10 minutes), sufficient (500 - 800 pi) 24:1 
chloroform/octanol was added to nearly fill the tube. The tubes were vortexed 5 - 1 0  
seconds and centrifuged at maximum speed in microfuge for 5 minutes to separate 
phases. The upper (aqueous) phase containing DNA was transferred into new, labeled, 
sterile 1.5 ml microfuge tube. Cold 95% isopropanol (or ethanol) was gently added to 
nearly fill tube and hold on ice until milky precipitate began to appear at solvent 
interface. The tubes were gently inverted several times to mix solvents and centrifuged at 
maximum speed for 5 minutes. After washed with 70% ethanol, the pelleted DNA was 
dried in a speed vac or in open tubes placed in hood for several hours. The DNA pellet 
was resuspended in 50 pi TE buffer and stored in refrigerator overnight. 50 pi RNase 
solution was added to each tube of DNA and each tube was mixed thoroughly by gently 
pipetting DNA/RNase solution up and down 10 times in a pipette tip that has been cut to
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enlarge the tip opening. Then the tubes were incubated at 37°C for 1 hour to allow 
digestion of RNA. After DMA was quantified and diluted with sterile water to a final 
DNA concentration of 25 - 40 fig/ml, the DNA is ready to use for PCR purpose and for 
RAPD marker analysis.
A2. Total RNA isolation
Tissue samples from the surface of the red strawberry fruit (ca. 100 mg fresh 
weight) were ground to a fine powder in liquid nitrogen using a mortar and pestle. The 
resulting powder was immediately mixed with 1 ml Trizol reagent and ground with a 
pipette tip. After being incubated at least 5 min (up to several hours) at room temperature, 
0.2 ml chloroform was added into the mixture, shaken vigorously for 15 sec, and then 
incubated at room temperature for 5 minutes. Following centrifugation for 15 min at 
12000g at 4°C, the aqueous layer containing RNA was transferred into clean tube. 0.5 ml 
isopropanol was added to precipitate RNA and the mix was incubated 10 min at room 
temperature. After centrifugation for 10 min at 12000g at 4°C, isopropanol was removed 
and the pellet was washed with 75% EtOH. The RNA was dried in air for 5-10 min and 
then resuspended in RNase free water or continue with mRNA isolation.
A3. mRNA Isolation
The end caps were removed from the Oligo(dT) Cellulose Column and the 
column was clamped to a ringstand. 1 ml of 0.1 M NaOH was loaded onto the column
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and drained completely. The column was equilibrated with 4 ml of binding buffer (10 
mM Tris-HCl (pH 7.5), 1 mM EDTA, 0.3 M NaCl, 0.1% (w/v) SDS) (at room 
temperature) in 1 ml aliquots. Then 1 ml of binding buffer was loaded onto the column 
and let about 0.5 ml pass through. 3 ml of binding buffer was added to isolated total RNA 
pellet obtained from 1 g of tissue or wet-weight of packed cells. The RNA was dissolved 
by trituration using a sterile pipette, and heated in a 70°C water bath for 5 min and chilled 
on ice for 5 min. If the SDS in the buffer precipitated, the solution was warmed to room 
temperature only and swirled until the SDS went back into solution. Then it was 
centrifuged at 1000 g for 5 min at room temperature to remove any particulates that did 
not go into solution. The RNA was diluted with a 10 pi aliquot from the clarified solution 
with 990 pi of binding buffer. The amount of RNA was calculated as following:
Total RNA (mg) = (A260 x 100 x 3 ml) / (25 A260/mg/ml)
The A260 is the absorbance of the solution measured with the spectrophotometer at 260 
nm, 100 is the dilution factor, 3 ml is the total volume of the RNA solution, 25 
A260/mg/ml is the conversion factor relating absorbance to concentration.
Then, the dissolved RNA (< 20 mg) was loaded onto the column under gravity 
flow and washed with 4 ml of binding buffer to elute non-messenger RNA. The mRNA 
was eluted with 1.5 ml of elution buffer (10 mM Tris-HCl (pH 7.5), 1 mM EDTA, 0.1% 
(w/v) SDS) and collected as one fraction in a 15-ml sterile, disposable centrifuge tube.
The Oligo(dT) Cellulose Column was equilibrated again with 4 ml of binding 
buffer. The RNA was heated in a 70°C water bath for 5 min, chilled in an ice-water bath 
for 5 min and placed at room temperature for 20 min, and then 90 pi of 5 M NaCl was 
added. The RNA was immediately loaded onto the column and washed with 4 ml of
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binding buffer. The mRNA was eluted with 1.5 ml of elution buffer and collected as one 
fraction in a 15-ml sterile, disposable centrifuge tube. 90 pi of 5 M NaCl and 3 ml of 
ethanol were added to the RNA. Then it was centrifuged at 7000 g for 20 min at 4°C and 
removed the supernatant fraction. 1 ml of 75% ethanol was carefully added to the tube 
and centrifuged at 7000 g for 2 min at 4°C. The supernatant fraction was removed and the 
pellet was dried at room temperature until the ethanol had evaporated completely, 
approximately 30 min. The pellet was dissolved in a minimal volume of DEPC-treated 1 
mM EDTA (pH 7.5) solution (about 5-50 pi) and stored at -70°C.
A4. cDNA Purification
The binding solution (6 M Nal) was equilibrated to room temperature. 120 pi of 
binding solution was added to the first strand reaction. The cDNA/Nal solution was 
transfered to a GlassMAX spin cartridge and centrifuged at 13,000 g for 20 sec. The 
cartridge insert was removed from the tube and the flowthrough was transferred to a 
microfuge tube. Then the cartridge insert was placed back into the tube. It was added 0.4 
ml of cold (4°C) lx wash buffer to the spin cartridge and centrifuged at 13,000 g for 20 
sec. The flowthrough was discarded. This washing step was repeated three more times. 
Then the cartridge was washed two times with 400 pi of cold (4°C) 70% ethanol as 
before. After the final 70% ethanol wash was removed from the tube, it was centrifuged 
at 13,000 g for 1 min. The spin cartridge insert was transfered into a fresh sample 
recovery tube. It was added 50 pi of sterilized, distilled, water (preheated to 65 °C) to the 
spin cartridge and centrifuged at 13,000 g for 20 sec to elute the cDNA.
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B l .  Alignment of predicted amino acids sequence of CHS gene segment isolated
from F. vesca YW with heterologous GenBank gene sequences
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B2. Alignment of predicted amino acids sequence of CHI gene segment isolated
from F. vesca YW with heterologous GenBank gene sequences
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B3. Alignment of predicted amino acids sequence of F3H gene segment isolated
from F. vesca YW with heterologous GenBank gene sequences
K N A
W I T V O P V E G A F V V N L G D H G H  Y L S N G R F K N A  V it is  v in i f e r a
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B4. Alignment of predicted amino acids sequence of DFR gene segment isolated
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B5. Alignment of predicted amino acids sequence of ANS gene segment isolated
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V E A H T D I S A
J _______
L T F I L H N
V E A H T D V S A L T F I L H N
V E A H T D V S A L T F I L H N
V E A H T D V s a l l H f i l h n
V E A H T D I S A L T F I L H N
V E A H T D V S A L T F I L H N
V E A H T D V S A L T F I L H N
F ragaria  vesca 
Malus sp.
Ipomoea b a ta ta s  
Daucus caro ta  
F orsy th ia  x in term edia 
V it is  v in ife ra  
C a llis tep h u s ch in en sis
Fragaria  vesca 
Malus sp.
Ipomoea b a ta ta s  
Daucus caro ta  
F orsy th ia  x in term edia 
V itis  v in ife ra  
C allis tep h u s ch in en sis
F ragaria  vesca 
Malus sp.
Ipomoea b a ta ta s  
Daucus ca ro ta  
Forsy th ia  x in term edia 
V it is  v in ife ra  
C allis tep h u s ch inensis
F ragaria  vesca 
Malus sp .
Ipomoea b a ta ta s  
Daucus caro ta  
F o rsy th ia  x interm edia 
V it is  v in ife ra  
C a llis tep h u s ch inensis
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B6. Alignment of predicted amino acids sequence of RAN gene segment isolated
from F. vesca YW with heterologous GenBank gene sequences
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F rag a ria  vesca 
A rab idopsis th a l ia n a  
Antirrhinum  majus 
Peri11a f ru te sc e n s  
Petun ia  x hybrida 
Zea mays 
Oryza s a t iv a
F rag aria  vesca 
A rabidopsis th a l ia n a  
A ntirrhinum  majus 
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P etun ia  x hybrida 
Zea mays 
Oryza s a tiv a
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Cl. Data from F2 mapping population of cross DN1C x YW
Markers _ _ ________________ Plants (1 -  39) *
B102DE HHBBB AHHHH AHBHH AHAAH BHHBA HBBHB HBHHH BHBH
B 191A ccccc CCCCC CCCCC CCCCC CCCCC ACCCC CCCCC CCCC
c BDDDB DBBDD DDBDB DBDDD BDDBD DBBDB BBDBB BBDD
F3H BHHHB HBBHH HHBHB HBHHH BHHBH ABBHB BBHBB BBHH
B104C BDDDB BDDBB DDBDB DBBDD BDDDD BBDDD DDBDB DDBB
B102CC BHHHB BAHBB HHBHB ABBHH BHHHH BBAHH HHBHB BHBB
B 194A BDDDB DDDBB DDDDB DBBDD BBDBD BBDDD DDBDB BDBD
r DBDDB DDDBB DDDDD DBBDB BBDBD BBDDD DDBDB BDBD
CHS AAHHH HHHAB HHHBH AHHBH BAAHB HBHHH HHBHH HHBH
B 102B DDDBB BDDDD DDDDD DDBBD BDDDB DBBDD DDBDB DBBD
B 194E CCCCC CCCCA CACAC CCACC CCCCA CCCCA ACCAC CCAC
PA07C CCCCC CCCCA CACAC CCACC CCCCA CCCCA ACCAC CCAA
B84A DDDBB BDDBD DBDDD DBDBB BBDDD BBBBD DDBDB DBBB
B 102F DDDBB BDDBD DBDDD BBDBB BBDDD DBDBD DDBDB DBDB
B102AA HHBBB BHBHH AHBAA AAAHH BAABH HBBAB ABHAA BHHB
s DDBDD DBDBD DDBDB BDDDD BDDBD BDDDD BDDBD BDDD
OPX18 HHBHH ABABH HABHB BAHHH BHHBA BHHHH BHHBH BHAH
B194BD HBHAA HHHHH ABAHH AHHBA HHABH ABHHB HAABH AHBH
PO20G CCCCA CCCCC ACCCC ACCCA CCCCC ACCCC CAACC ACCC
* A = DN1C, B = YW, C = not A, D = not B, H = heterozygous
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C3. Data from F2 mapping population of cross YW x FRA520
Markers ______________________Plants (1 — 39) *
c CCCCC CCCAC CCCCC AACAC CCCCA CCCAC CCCCC ACCC
B102CC HAABH AAAAH HAHHH BBHHH AHHHH HHHHA HHHAH HHHB
r CAAAC CCACA AACCA CCCAA ACAAA CAACA ACCAA CCCC
DFR BHHAH BAAHA AHBHA BHBHA BBAHH HAHBA AAHAA AHHH
PA07C DBDDD DDDDD DDDDD BDDDB DDDDD DDBDD DDDBD DDDB
B186D DDBBD DBDDD DDDDD DDDDB DBDDD DBDDD BDDDD DDDD
B85C DDBBD DDDDD BDDBD DDDDB DBBDD DBBDD BDBDD DDDD
ANS AAHAH AABHB A-HAA HHHHB BBBAH HBAHA HHHHB BABH
RAN AAHAH AABHB AHHAA BHHHB BBBAB HBAHA HHHHB HABH
PZ04D DDDDD DDBDB DDDDD BDDDD BBDDD DDDDD DDDDB DDBD
B102A BDDDD DDBDB DBDDD BDDDD BBDDD DDDDD BDDBB DDBD
S CAAAC CCCCC A-ACC AAACC ACAAC CCACA CCCAA ACCC
B194B DBDDD DBBDD DDDDD DDDDD DDDDD DDDDD DDDDD DDDD
PO20C DBDDD DDDDD DDDBD DBDDD DDDDD DDDDD DDBDD DDDD
CHI AHHHA HHHAH AHHAH HBHAH AHHHA HHHAH BHHHH HHAH
* A = YW, B = FRA520, C = not A, D = not B, H = heterozygous
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C5. Data from backcross population of YW x Fj (YW x FRA520)
and from Fi population of cross YW x FRA364
Plants YW x FI (YW x FRA520) YW x FRA364
c F3H Internal fruit color F3H
1 Y Y W Y
2 Y Y W* H
3 - Y w Y
4 R H w Y
5 R H w Y
6 Y Y w Y
7 Y Y w Y
8 Y Y R -
9 Y Y w* H
10 R H w Y
11 Y - R H
12 Y Y W Y
13 Y Y W Y
14 R H R H
15 - H R H
16 R H R H
17 Y Y W Y
18 - Y w Y
19 Y - w Y
20 Y Y w Y
21 Y Y R H
22 - Y R H
23 R H R H
24 Y Y W Y
25 - H w* H
26 Y ’ Y w Y
27 Y Y w Y
28 - Y w Y
29 R H w Y
30 - H w Y
31 R H w* H








* recombinant, H = heterozygous, R = red, Y = yellow or Y W  type, W  = white, - = unavailable
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D. Alignment of predicted amino acids sequence of F3H gene isolated
from F. x ananassa CC2 with heterologous GenBank gene sequences
M A  H -  -
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I v l i C E D W G I F  
I  V  E A C  E 0 W  G I F
R G R V  A  A l A C E D W G I F
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a p p le / p .s e q  
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